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GENERAL INTRODUCTION 
Almost one hundred years before the discovery of oxygen 
<0g), the importance of soil air for plant growth was known to 
the experimenters of the 17th century. Clements (1921) traced 
the works of Mayow in 1668 and Huygens and Papin in 1674 who 
showed that air was needed by plants. 
When soils with poor internal drainage characteristics 
receive excessive rainfall, they become increasingly wet and 
consequently, very high water tables or even temporary 
flooding conditions can exist. Williamson and Kriz (1970) 
explained that water itself does not deter the plant root 
growth and development as shown by the fact that most plants 
can grow in well aerated soil solutions. But it is the Qg 
deficiency in the root zone that causes injury to the roots of 
most plants if the soils they grow in are allowed to remain 
excessively wet. 
An adequate soil-water-air environment is essential for 
good plant growth and for the enhanced agricultural use of the 
land. Excessive soil water conditions may occur at any time 
during the crop growing season, and therefore, an assessment 
of the soil aeration status under flooded (or very high soil 
moisture) and unflooded conditions during the cropping season 
may help us understand in what ways poor soil aeration can 
inhibit crop growth. 
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To assess the soil aeration status, three well known 
aeration indicators were used in this study. Soil air was 
sampled and analyzed for Og concentration to monitor the 
oxygen availability for plant growth, in a soil profile under 
changing air-filled porosity due to varying moisture 
conditions. The oxygen diffusion rate (ODR) measurements at 
the tip of platinum microelectrodes, inserted in the soil 
(simulating plant root surfaces), were made to evaluate the 
aeration status (in terms of oxygen supply to plant roots) at 
the interface between the root surface and the surrounding 
soil atmosphere. And the redox potentials (Ehs) of the soil 
were determined to quantify the indirect effect on plant 
growth of redox processes that are occurring in the soil due 
to changes in the soil aeration status. 
For the purpose of Og concentration determination in the 
soil profile, several techniques have been used. Some of 
these involved extracting the soil atmosphere samples using 
buried ports or diffusion chambers installed at desired 
sampling depths, and analyzing these samples for soil oxygen. 
The soil atmosphere samples obtained using some of these 
devices were either too large, about 100 cm^ or more, possibly 
affecting their reliability with respect to actual Og 
concentration in the soil pores, or very small, up to several 
cubic millimeters, possibly increasing the variability. In 
addition, the size of the sampling devices themselves could 
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require excessive soil excavation if several replications were 
desired. 
In some measuring techniques such as placing an oxygen 
probe in the soil, no atmosphere sampling was needed. This 
method was less cumbersome and a portable oxygen meter or a 
voltmeter could be used to determine soil Og concentration in 
situ. But their use could be limited due to the high cost 
especially, when a large number of these sensors are desired. 
Moreover, frequent calibrations of the probe may also be 
required. A new technique of sampling and analyzing soil 
atmospheres for oxygen that will improve upon the 
aforementioned shortcomings of the presently available methods 
is desirable. 
Wet soil conditions can reduce potential crop yields not 
only due to poor aeration conditions in the root zone, but 
also due to the poor timing or reduced efficiency of the 
farming operations. Unless some artificial drainage is 
provided to improve the soil water conditions of the poorly 
drained soils, reduced crop yields and consequently, 
substantial losses in cash revenues are possible. For 
example, excessive rainfall during May and June of 1981 
resulted in a loss of nearly one billion dollars in revenues 
to Ohio farmers (OARDC, 1982). 
A knowledge of the plant growth stage most susceptible to 
excessive soil water conditions, causing reduction in 
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potential crop yields, would be a valuable tool in determining 
to what depth and what rates drainage should occur for normal 
plant growth and improved farming efficiency. Hiler (1969) 
emphasized the need for incorporating the drainage requirement 
criteria of crops in a drainage system design and stated that 
"whatever these desired crop-drainage-requirement criteria may 
be, the specification of these criteria must be based on the 
knowledge of the plant's interaction with its environment. 
Also these criteria must be expressed in quantitative form if 
they are to be of much help to the drainage engineer." 
Hiler <1969) then proposed a stress day index <SDI) 
concept that was based on quantitative determination of the 
degree of excess or deficit moisture stress that a crop was 
subjected to during the growing season. The SDI is determined 
from a crop susceptibility <CS) factor and a stress-day (SD) 
factor. The SDI concept can be utilized to predict the 
relative crop yields for evaluating the drainage design of a 
poorly drained soil under excess moisture conditions. 
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OBJECTIVES 
The general purpose of the research reported herein was 
to monitor the soil aeration status during flooded and 
unflooded conditions and to assess the response of corn to 
temporary flooding at various stages of development. Specific 
objectives of this study were as follows; 
1. To devise and test a new technique for sampling 
and analyzing soil atmospheres for oxygen. 
2. To measure soil Og concentration, oxygen diffusion 
rate, and redox potential to quantify the effects of 
excessive wet conditions on soil oxygen availability 
and supply to plant roots. 
3. To conduct experiments on specially constructed 
isolated field plots, to determine CS factors for 
corn experiencing controlled flooding. 
4. To further test the SDI concept by comparing the 
relationship between relative yields and SDI 
values (calculated from water table elevations 
and experimentally determined CS factors) for the 
isolated plots and a nearby undrained area with 




The term "soil aeration" as defined by Grable (1966) is 
part of the gaseous cycle that involves the interchange of 
carbon dioxide (COg) and oxygen (Og) between living organisms, 
soil, and the aerial atmosphere. But Glinski and Stepniewski 
<1985) suggest that this term may be used in a broader sense 
"including all the related aspects such as soil air 
composition and its role for plants and the processes of 
absorption, production, and transfer of gases in soil." The 
part of the soil aeration connected with Og distribution in 
soil and its availability for microorganisms and plant roots, 
they suggest, should be called "soil oxygenation". 
It has been established that the exchange of gases 
between soil and the atmosphere is primarily due to the 
mechanism of diffusion where a certain gas will move from the 
places with higher concentration to the places with lower 
concentration (Buckingham, 1904; Penman, 1940). Soil contains 
pores filled with gas and pores filled with water. The 
process of gas diffusion in either gaseous or liquid 
(solution) phases can be described by Pick's first law as 
given by Glinski and Stepniewski (1985): 
Fx = -D dc/dx 
Thus the diffusive flux Fy (mass diffusing across a unit 
surface area of the medium in which the diffusion takes place 
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per unit time), in a uniaxial system, is proportional to the 
concentration gradient dc/dx <mass of diffusing substance per 
volume), that constitutes the driving force of the flow, and 
to the diffusion coefficient D (the dimensions of which are 
length squared per unit time). 
Grable (1966), by using published values of the diffusion 
coefficient for Og in solution in water and in air showed that 
the diffusive movement of Og will be nearly 10,000 times 
greater in air than in water with equal concentration 
gradients and areas of diffusion. This suggests that under 
excessive soil moisture conditions when a larger percentage of 
the soil pores are filled with water and a concentration 
gradient exists, the diffusion of Og into the soil from the 
atmosphere above it will be reduced. It is possible that 
under these conditions, low concentrations of Og in soil may 
occur as a result of a temporary but marked increase, in the 
rate of Og consumption by the soil (microorganisms and plant 
roots etc.), and/or a reduced supply of Og. 
The influence of irrigation on the Og concentration was 
observed by Furr and Aldrich (1943). They measured the Og 
content in the soil air at a depth of 15 cm after irrigation. 
The Og concentration decreased from SO to 5% after an increase 
in the soil water content. Patrick et al. (1973) measured 
soil Og concentrations down to ISO cm in Mississippi River 
alluvial soils differing in texture and internal drainage. 
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They observed that early in the crop growing season, the soils 
with the poorer drainage usually had low Og contents at 15 cm 
and below when soil pores contained too much water for Og to 
diffuse in the gaseous phase below the surface 15 cm of soil. 
Later in the season, when these soils became dryer due to 
drainage and moisture loss due to évapotranspiration, higher 
Og concentrations throughout the soil profile were observed. 
Smith (1977) in a review of studies related to soil 
aeration reported that research on the effect of cultivation 
on the Og content of the soil atmosphere indicated that 
variations in the seasonal rainfall had greater effects on the 
aeration of soil than differences in cultivation, and that 
soil Og contents were much lower during the wetter years than 
those measured in the dryer years. In studies on crop 
response to drainage, VanSchiIfgaarde and Williamson (1965) 
determined the Og concentrations at two different depths (8 
and 15 cm) of a fine sandy loam soil packed in growth 
chambers. The water table in the chambers was maintained at 
20 cm below the soil surface. They observed drastic 
reductions in the Og concentrations below the soil surface as 
the water table was approached. Moreover, an application of 
2.5 cm of water at the soil surface resulted in reduced Og 
concentrations at both the sampling depths. 
Plant roots absorb Og and release COg in the process of 
respiration. An adequate supply of Og to respiring roots is 
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required to facilitate the maximum absorption of water and 
nutrients. "In most terrestrial plants (excepting such 
specialized plants as rice), the internal transfer of Og from 
the parts above the ground (leaves and stems) to those below 
the ground surface (roots) can not take place at a rate 
sufficient to supply the Og requirements of the roots. 
Adequate root respiration requires that the soil itself be 
aerated, that is to say, that gaseous exchange takes place 
between soil air and the atmosphere at such a rate as to 
prevent a deficiency of Og and an excess of COg from 
developing in the root zone" (Hillel, 1982). 
Harris and VanBavel (1957) stated that root respiration 
was the most sensitive aspect of plant activity in regard to 
soil aeration and it may be assumed that reduction in 
respiration activity is the first step in growth limiting 
effects of insufficient aeration. In addition, soil 
microorganisms also respire, and under conditions of 
restricted aeration might compete for Og with the roots of 
higher plants (Stotzky, 1965). 
As the moisture content of the soil increases, the 
thickness of the soil water films around the plant roots may 
also increase creating an additional resistance for the flow 
of Og from the gas-phase to the surface of the plant roots. 
In a theoretical and experimental study of plant-soil 
relations in aeration, Wiegand and Lemon (1958) concluded that 
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the "apparent diffusion path length" in the liquid-phase about 
plant roots is often a more limiting factor in normal root 
respiration than the gaseous composition, per se, in the soil 
pores. 
Danfors (1960) suggests that processes of macrodiffusion 
(diffusion of Og through the gas-phase into the soil profile) 
and microdiffusion (Og diffusion through water films around 
plant roots and soil microorganisms) are under the influence 
of soil water content. When water is drained from the soil, 
the air-filled soil porosity is increased and at the same time 
the thickness of the soil water film around the plant roots is 
decreased. If the soil is dewatered he adds, the rate of both 
Og macro and microdiffusion will be greater. 
Indicators of Soil Aeration Status 
In a discussion on measuring soil aeration, Glinski and 
Stepniewski (1985) stated that "the complexity of the 
interactions of soil air with the soil environment and with 
the plant roots is such that although there are many 
indicators of soil aeration status, each reflecting a 
particular aspect of it, none of them adequately describe the 
whole of the phenomenon." 
Various methods have been proposed to assess the soil 
aeration status. These include determination of air-filled 
porosity, air permeability, gas diffusion coefficient, 
respiration rate, soil air composition (Og and COg 
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concentrations), oxygen diffusion rate (QDR), and redox 
potential <Eh). But, according to Glinski et al. (1979), the 
most important indices of the soil aeration status are the OQ 
concentration in the soil air, ODR, and the Eh. 
The Og concentration of the soil air or water in the root 
zone is a sensitive indicator of the amount of Og available to 
roots (Patrick, 1977; Carter et al., 1984), but it does not 
include the influence of the thickness of the water films 
surrounding roots on the Og availability (Glinski et al., 
1979). Taylor (1949) pointed out that under certain 
conditions, a respiring plant root will quickly extract the 
existing supply of soil Og and when this occurs, the rate at 
which the Og is supplied to plant roots will depend upon the 
rates of transport of Og through the soil to the roots. 
Russell (1952) emphasized that evaluating the aeration 
conditions at the interface between the root surface and the 
soil system presents the greatest possibility of ascertaining 
the influence of soil aeration on the plant growth. 
According to Erickson (1982) the general conclusion of 
several reviews on the subject of soil aeration is that the 
ultimate parameter to describe the soil-air plant relations is 
the measurement of ODR to the actively respiring plant root 
surface within the liquid-phase. 
The third indicator, the Eh per se, does not influence 
plants directly, but it is connected with changes in the 
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chemical composition of the soil solution which itself is 
determined by the Og status of the soil and is particularly 
useful under very high soil moisture conditions when soil Og 
concentration and ODR are of little use (Glinski and 
Stepniewski, 1985). 
Soil Atmosphere Sampling for Op Concentration 
To sample the soil atmosphere for the determination of Og 
concentration, a variety of apparatuses has been used. In a 
detailed discussion on the atmosphere of soil, Russell and 
Appleyard (1915) presented a method of collecting soil air 
samples. A hollow cylindrical steel tube was driven 
vertically down into the soil to the required depth of 
sampling and a mercury pump mechanism was used to collect the 
soil air samples for determination of the amounts of different 
gases including Og. According to Robinson (1957) this method 
proved to be a "cumbersome method" and the use of the steel 
tube extending above the soil surface, allowed for possible 
heat conductance into the soil and consequently, varied the 
diffusion rates. 
An apparatus used by Taylor and Abrahams (1953) consisted 
of a glass tube within a brass cylinder (to reduce heat 
transfer), the base of which was open. The upper end of the 
glass tube was bent parallel to the soil surface and a tube 
containing nitrogen was attached. The nitrogen was allowed to 
come to equilibrium with the soil atmosphere over a 24 h 
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period. Some of the earlier methods (Boynton and Reuther, 
1938; Russell and Appleyard, 1915) involved extractions of 
large samples of soil air (100 cm^ or more) for the analysis 
of Og concentration in the soil atmospheres, and there is a 
doubt whether these relatively large gas samples were a 
satisfactory measure of the atmosphere in the smaller soil ai 
spaces (Hack, 1956). 
Another method to sample the soil atmosphere was 
developed by Yamaguchi et al. (1962). This method was the 
modification of a sampling technique described by Shapiro et 
al. (1956). For the Og concentration determination, a glass 
tube with a flared bottom was installed at the desired 
sampling depth into the soil. A syringe and a hypodermic 
needle were used to withdraw 1-ml samples from the collection 
tube and the Og concentration of the sample was determined 
using a gas chromatograph. 
Dasberg and Bakker (1970) used a diffusion chamber 
technique to sample soil air for characterizing soil aeration 
under changing soil moisture conditions. A l.S-cm^ diffusion 
chamber was installed at each of three different sampling 
depths in a potted soil. One end of another small chamber 
(O.l-cm^ volume) was connected to the diffusion chamber with 
rubber tube and the other end of this small chamber was 
connected to a membrane covered Og electrode and an Og 
analyzer. A l-cm^ sample was pulled with a hypodermic needle 
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and syringe assembly and analyzed for Og concentration. The 
sample was then injected back into the diffusion chamber in 
order not to disturb the Og distribution pattern in the soil. 
Some other sampling techniques exist (Kristensen and 
Enoch, 1964; Robertson and Bracewell, 1979; Maidl and 
Fischbeck, 1981; Staley, 1980) in which very small soil air 
samples have been withdrawn to measure soil Og concentration 
at various depths. It was found by Hack (1956) that the size 
of the air sample extracted from the soil strongly influenced 
its composition. Small samples contained less Og and more COg 
as compared to larger ones. Further, the variability in 
composition of the "micro samples" was much higher than for 
the "macro samples". 
In Staley's (1980) opinion, the usage of the equilibrium 
diffusion chambers or reservoir samplers (Boynton and Reuther, 
1938; Yamaguchi et al., 1962; Hack, 1956; Rutter and Webster, 
1962; Taylor and Abrahams, 1953; Dasberg and Bakker, 1970) is 
advantageous in the fine textured soils where plugging often 
limits use of the point source samplers (Russell and 
Appleyard, 1915; Robertson and Bracewell, 1979; Staley, 1980) 
especially under moist conditions. 
For the direct determination of Og concentration in soil, 
a platinum microelectrode covered with an Og permeable 
membrane was developed by Willey and Tanner (1963) to measure 
Og concentration in both liquids and gases. They placed a 
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platinum disk inside a silver tube filled with 0.1 N KCl 
solution. The end of the tube next to the platinum disk was 
covered with a polystyrene film. The tube and the KCl 
solution function as a Ag-AgCl reference electrode. Og 
diffuses through the polystyrene film and is reduced at the 
platinum disk. The current passing through the two electrodes 
is a measure of the Og concentration of the soil air or water. 
This sensor can be placed in the soil for an extended period 
of time and the output (current) continuously recorded. The 
output signal is linear with Og concentration and is 
essentially zero at zero Og concentration, thus, only one 
calibration is necessary. 
A double-membrane, temperature-compensated po1arographic 
sensor based on the design of Willey and Tanner's (1963) 
single-membrane sensor was developed by Jensen Instruments^. 
The use of a double-membrane eliminates the error caused by 
phase differences in the medium being measured (e.g., air vs 
water) that occurs with single membrane sensor (Willey, 1974; 
Enoch and Falkenflug, 1968). Despite convenience of using 
these sensors in the field, they are expensive and regular 
calibrations (usually once a week) are required. 
After sampling the soil air, it can be analyzed to 
determine its Og concentration by using a variety of 
^Trade name is included for the benefit of the reader and 
does not imply endorsement or preferential treatment of the 
product by Iowa State University. 
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analytical methods. However, the sampling technique must suit 
the analytical method. A description of these methods with 
their advantages and limitations is described by Glinski and 
Stepniewski (1985). 
Gas chromatography is a modern technique that made it 
possible to analyze micro soil air samples (up to only several 
cubic millimeters) accurately for several gases including Og, 
in a few minutes (Beard and Guenzi, 1976; Blackmer et al., 
1974; Blackmer and Bremner, 1977; Hall and Dowdell, 1981). On 
the other hand, polarographic membrane-covered sensors are 
very convenient to use since they require small samples and 
soil air or water can be analyzed for Og concentration in the 
field with portable Og meters (Maidl and Fischbeck, 1981). 
ODR Determination 
Phene (1986) stated that during the respiration process, 
plant roots quickly utilize the surrounding Og and an 
increasing Og concentration gradient.develops between the soil 
atmosphere and the atmosphere next to the root surrounded by 
the water films. Because diffusion of Og is much slower in 
the liquid phase than that in the gaseous phase, the limiting 
factor for Og supply to the plant roots therefore may be 
oxygen diffusion through the water films surrounding them. 
Lemon and Erickson (1952) introduced a platinum electrode 
method to measure, in situ, the rate of Og diffusion through 
the soil solution to a thin platinum wire simulating a root 
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surface, at which Og was electrochemically reduced. The 
principle of determining the ODR using this method as 
described by several authors (Lemon and Erickson, 1952; Letey 
and Stolzy, (1964); Mclntire, 1970) is as follows: 
When a certain electrical potential (a negative voltage 
within the range of 0.2 to 0.8 V) is applied between a 
platinum microelectrode (cathode) and a reference electrode 
(anode) inserted in the soil, the Og present at the platinum 
surface is reduced. The process of Og reduction at the 
electrode surface according to Mclntire (1970) is as follows: 
Og + 2HgO + 4e- > 40H- for 5 > pH < 12 
and Og + 4H"^ + 4e~ > 2HgO for pH < 5 
The resulting electrical current decreases rapidly as the Qg 
within the immediate vicinity of the platinum electrode is 
consumed. Within a few minutes, a "quasi-equi1ibrium" is 
attained in which the Qg being reduced is largely replaced by 
diffusion of Qg from the surrounding soil in response to the 
induced concentration gradient. Thus the equilibrium 
electrical current becomes a measure of the capability of the 
soil to supply Og to a small sink similar to a plant root. 
The measured equilibrium electrical current can be used 
to calculate ODR using the following relationship; 
ODR = (i X M)/(n x F x A) 
Where i = current, microamperes. 
M = molecular weight of Og, 32 g per mole. 
18 
n = number of electrons required for the 
reduction of 1 molecule of Og, n = 4, 
assumed by Davies and Brink <1942). 
F = Faraday constant, 96,500 coulombs. 
A = surface area of platinum electrode, cm^. 
Therefore, ODR = i X 60(sec/min) X 32(o/mole) 
4 X 96,500 X A(cm2) 
And if equilibrium current is measured, and the surface area 
of the platinum microelectrode is known, the ODR will be given 
in units of 10~® g cm"^ min~^. 
Besides the platinum electrode and a reference electrode, 
the equipment for the simplest arrangement would include a 
battery, variable resistor, and an ammeter. In practice, the 
apparatus for controlling the microelectrode voltage and 
measuring the reduction current is much more complex. A 
detailed discussion on construction and the use of the 
equipment for ODR measurements has been presented by many 
authors (Letey and Stolzy, 1964; Mann and Stolzy, 1972; Phene, 
1986). An improved design of the soil ODR ratemeter developed 
by Letey and Stolzy (1964) is commercially available from 
Jensen Instruments, Tacoma, WA. This meter is capable of 
applying an electrical potential to as many as 10 
microelectrodes simultaneously. Further, the current of 
individual micro-electrodes may be measured at any time 
without disrupting the potential applied to the other 
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microelectrodes. 
Several researchers (Birkle et al., 1964; Stolzy and 
Letey, 1964; VanDoren and Erickson, 1966; Kristensen, 1966; 
Mclntire, 1970; Phene, 1986) have analyzed and discussed the 
effects of various factors affecting the ODR measurements. 
Some of the major recommendations on the use of platinum 
electrode based on their observations are presented here. 
1. The platinum microelectrodes should be inserted in 
the soil immediately before the measurements. Electrodes left 
in soil for very long time periods (3 to 4 weeks) may give 
decreased current reading because of the so called "poisoning" 
of the microelectrodes. The term "poisoning" denotes a change 
in the platinum surface due to a chemical deposit, altering 
the characteristics of the surface. 
2. The microelectrode and the reference electrode should 
be in a good contact with soil and the soil moisture content 
should be sufficient to maintain a moisture film on the entire 
platinum surface. Under dryer soil conditions, the real ODR 
can not be determined accurately. 
3. A current reading measured between 4 to 5 minutes 
after application of the potential should be sufficient to 
assure that Og consumption at the microelectrode is in 
"equilibrium" with the rate of Qg diffusion to the 
electrode... in other words, Og diffusion approached steady 
state, and a measurement during steady state is desired. 
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4. Any potential between -0.55 and -0.75V can be used 
with a 22-gage microelectrode. Many investigators have 
published results of measurement made at -0.65V. Therefore, a 
voltage of -0.65 was recommended for standardization. 
Measuring Soil Eh 
Krizek (1982) defined the redox potential (Eh) of a soil 
system as a measure of its tendency to accept electrons 
(reducing conditions) or donate electrons (oxidizing 
conditions), and is governed by the nature and proportions of 
the reducing and oxidizing substances it contains. Eh or 
electron availability affects the oxidization states of 
hydrogen, carbon, oxygen, nitrogen, sulfur, manganese, iron, 
cobalt, and copper in aqueous systems and the limit of 
oxidizing conditions in aqueous systems is the oxidation of 
water to molecular oxygen, and the limit of reducing 
conditions is the reduction of the hydrogen ion to molecular 
hydrogen (Bohn, 1971). 
Eh, like ODR, is measured in soil with a platinum 
microelectrode (McKenzie and Erickson, 1954; Grable and 
Siemer, 1968; Meek and Grass, 1975). The potential of a 
microelectrode with respect to a saturated calomel reference 
electrode (McKenzie et al., 1960; Fluhler et al., 1976) or a 
Ag/AgCl reference electrode (Couto et al., 1985) can be 
measured on any modern portable pH-meter which has an input 
resistance of lOlO to 10^3 ohms. 
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The Eh values with respect to a standard hydrogen 
electrode are calculated by adding the reference electrode 
potentials to the measured potential (mV). The potentials of 
the saturated calomel and the Ag/AgCl reference electrodes are 
246 and 222 mV, respectively, at a temperature of 25 (Letey 
and Stolzy, 1964). 
Baily and Beauchamp (1971) reported "poisoning" of the 
platinum electrode during Eh measurements, but according to 
Glinski and Stepniewski (1985), this phenomenon is not so 
evident as in case of ODR measurements, and some researchers 
have obtained good records of the variation in Eh in the soil 
over a long period of leaving the electrode in the soil. 
Glinski and Stepniewski (1985) also cautioned that the use of 
the same microelectrodes immediately after ODR measurements 
causes the Eh values indicated to be less than the "true" 
value due to the negative polarization of the microelectrodes; 
therefore, Eh measurements should be performed first. 
Bohn (1971) in a review on the nature of Ehs, reported 
that many measurements have shown that Ehs are soil pH 
dependent. To remove pH variability, Ehs are adjusted to pH 7 
by a factor, usually -59 mV/pH (Aomine, 1961). But Bohn 
(1968) also pointed out that this adjustment has little 
theoretical or experimental justification. The stability, 
reproducibility, and the usefulness of the Eh measurements 
increase in waterlogged soils, and in conditions of Og 
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exhaustion in the soil as compared to dry soil conditions with 
higher Og concentrations and ODRs (Patrick and Mahapatra, 
1968). 
Critical Levels of Og Concentration, ODR, and Eh 
for Plant Growth 
Wesseling (1974) stated that to evaluate the requirement 
of crops with respect to aeration, a distinction should be 
made between long-term effects of adverse aeration conditions 
and the effects of temporary flooding. In the first case, the 
change in the environment permanently limits the metabolic 
activity and the development of the root system, impeding the 
uptake of nutrients. However, main injurious factors are the 
effects of a short-term Og deficiency, and the assessment of 
the damage done to the plant by temporary flooding will to a 
large extent depend upon the plant species, growing stage, 
temperature, and the duration of waterlogging. 
Critical Op Concentration 
The idea of "critical Og concentration" in the soil was 
introduced by Cannon and Free (1925). It was the 
concentration below which the growth of the plants was 
stopped. They found that the concentration of Og which would 
just permit a normal rate of root growth at a given 
temperature, varied with different plants. Some plants were 
able to grow even with an Og concentration as low as 0.5%, but 
most plants stopped growing at a concentration of 2%. 
S3 
According to Hawkins (1962), lower soil Og concentrations, but 
significantly above zero, are not harmful for plant roots, 
however, lower Og concentrations injure soil microflora, and 
anaerobic metabolic products of such microflora can in turn be 
toxic to plants. 
"Root respiration is the first process to be restricted 
by Og deficiency and other disturbances of the vital functions 
of plants, such as growth, water and nutrient uptake, are 
consequences of respiration disturbances" (Glinski and 
Stepniewski, 1985). Scotter et al. (1967) measured Og uptake 
by the roots of dwarf peas at root temperatures of 15 and SO 
°C. A decrease in the Og concentration around the roots from 
21% to 10% resulted in 15% reduction of respiration by roots. 
When the Og concentrations around the roots were further 
reduced to 5 and 2.5%, the resultant decrease in Og uptake by 
the roots was 40 and 70%, respectively. 
Plant root growth and activity are generally restricted 
due to Og deficiency in the soil. Letey et al. (1962a, 1962b) 
reported that the roots of cotton, sunflower, and beans ceased 
to grow at low levels of Og in the soil and an Og 
concentration of less than 1% was detrimental during the early 
stages of growth. Patrick et al. (1969, 1973) found that the 
Og concentration in heavy textured and poorly drained soils 
was a limiting factor for the optimum root development of 
cotton and sugar cane, especially in the early part of the 
24 
growing season. 
Investigations on the effect of lower Og concentrations 
on winter wheat emergence by Glinski et al. <1979) showed that 
at an Qg concentration of 0.5%, there was no emergence and the 
critical value affecting emergence was between 3 and 0.5%, 
while maximum emergence occurred at an optimum Og 
concentration of more than 15%. Although the optimum soil Og 
concentration for root development and plant growth varies 
with plant age and the species, Kohnke (1968) and Kramer 
(1969) concluded that an Og concentration greater than 10% is 
required for adequate growth of most plants. 
Critical QDR 
As mentioned earlier, the ultimate soil aeration 
parameter to describe soil-air-plant relationship according 
to several researchers is the measure of the rate at which Og 
diffuses through the actively respiring plant root surface 
within the liquid-phase. Furthermore, for plant growth, the 
rate of Og supply is more important than the absolute 
concentration in the soil at any given time (Bertrand and 
Kohnke, 1957). 
In the first experiment using the platinum microelectrode 
as a method of measuring ODR, Lemon and Erickson (1952) 
related the growth of tomatoes to the ODR determined at the 
20-cm depth below the soil surface. They suggested that ODR 
values between 30 and 40 X 10~9 g cm"2 min"l may be critical 
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for tomato plant growth. 
The emergence of plants is preceded by a considerable 
development of the root system. Glinski et al. (1984) 
proposed what they called the "threshold values" of ODR for 
some crop plants. They defined the criteria concerning the 
limiting (ODRj), half emergence (ODRQ^g), and critical (ODRj-,-) 
values of ODR for barley, oats, beans, wheat, maize, tomatoes, 
sugarbeet, and rye crops. After reaching a so called limiting 
value of ODR, they observed a significant decrease in the 
final emergence in comparison with the germination capacity. 
Then there was a rapid linear decrease in the number of 
emerging plants as the ODR decreased further and this number 
eventually fell to zero at the critical ODR value. The half 
emergence ODR value fell between the limiting and critical 
values of ODR and at this value the number of emerging 
seedlings reached 50% of the germination capacity. 
The threshold values of ODR presented by Glinski et al. 
(1984) were different for different plants. For example, the 
threshold values of ODR for maize were 24, 16, and 10 X 10~® g 
cm~2 min"l, for ODRj^ 00^0.5; and ODR^^, but for beans, the 
corresponding values were 20, 15, and 7 X 10"^ g cm"2 min"l. 
The influence of ODR on the development of the root 
system of wheat plants was assessed by Silberbush et al. 
(1979). They observed a critical ODR value of 20 X 10~® g 
cm"2 min"l below which the root population was decreased 
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considerably while above this critical value, there was an 
exponential increase in the root population of wheat plants. 
In a study in which bulk density and distance to a water table 
were used as variables, Bertrand and Kohnke (1957) measured 
ODR values at 20 and 40 cm below the soil surface and found 
that an ODR below 20 to 30 X 10~® g cm"2 min"l was detrimental 
to root growth of corn. Also the top growth increased as ODR 
values increased. 
The relation of ODR to plant growth was extensively 
reviewed by Stolzy and Letey (1964). They indicated that 
different investigators agree that a relationship exists 
between ODR and root growth. Their conclusion was that the 
critical value of ODR at which roots of most plants will not 
grow is 20 X 10"^ g cm"2 min"l, and for ODR values between 20 
and 30 X 10~® g cm~2 min"l root growth was retarded. Based on 
some studies, they further suggested that ODR of at least 50 
to 70 X 10~® g cm"2 min"l was needed for good emergence of 
most plants, and for normal plant growth (in terms of height 
and dry-matter production) an ODR value of above 40 X 10 g 
cm"2 min"l was needed. 
Critical Eh 
The state of oxidation-reduction in a natural system is 
the result of the opposing rates of electron donation and 
acceptance which are related to the rate of microbial 
activity. Electron donation comes about mainly from organic 
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matter decomposition and electron acceptance is primarily the 
reduction of Og (Bonner and Rolston, 1968; Yamane and Sato, 
1968). 
When the soil is flooded, a succession of events takes 
place. First the depletion of Og trapped in the soil occurs, 
which is followed by a reduction in the nitrogen, manganese, 
iron, and sulfur compounds, and under continued waterlogged or 
aerobic conditions, the formation of hydrogen sulfide, 
hydrogen, and methane takes place (Russell, 1977). 
Patrick and Mahapatra (1968) described four ranges of 
redox conditions in soils. At pH 7, oxidizing soils are at Eh 
of > 40 mV, moderately reduced soils about 100 to 40 mV, 
reduced soils 100 to -100 mV, and highly reduced soils at -100 
to -300 mV. According to Takai and Kamura (1966) Og starts to 
disappear in a waterlogged soil between the redox potential 
values of 600 to 500 mV, while Turner and Patrick (1968) 
reported no free Og at 332 mV. Other redox potential values 
of soil at which Og begins to disappear (such as 267 mV) have 
also been reported in the literature (Grable and Siemer, 
1968). 
Carter (1986) concluded that Eh values ranging from -400 
mV (strongly reduced) to 700 mV (well oxidized) may be 
considered in the soils and a Eh of 350 mV will indicate 
little or no Og in the soil. 
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Changes in the soil Eh have been related to plant growth. 
In a field study. Carter (1980) studied the relationship 
between Eh and sugar cane production. He found yield of sugar 
cane being negatively correlated with the number of days in 
which the Eh of soil was below 332 mV. The decrease in crop 
yield for each day of such reduced conditions was between 200 
to 300 kg ha-1. 
A concept similar to the threshold QDR value for crop 
emergence, was also presented by Glinski et al. (1984). 
Limiting (Ehj), half (Eho.5), and critical (Eh^r) values of 
soil Eh for various crops were tabulated by these authors. 
Again like ODR, the threshold values for different crops were 
different from one an other. For instance, the limiting, half 
emergence, and critical Eh values for maize were 400, 370, and 
340 mV, respectively, but those for beans were 510, 450, and 
370, respectively. 
Crop Response to Excess.Soil Water 
The extent of injury to plants because of excessive soil 
wetness (Qg stress) mainly depends upon the type of crop, 
stage of plant development, and the duration of flooding or 
excessive soil water conditions. Other factors, such as the 
amount of nitrogen available to the plant roots, and soil and 
air temperatures may contribute to the amount of injury also. 
Kramer (1951) studied the causes of injury to different 
plant species due to flooding of the soil. He observed that 
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flooding caused more shoot injury in tobacco than in tomato 
and sunflower plants, while sunflower plants seemed to be the 
least injured plants. He concluded that plants that produce 
adventitious roots most rapidly, suffer the least amount of 
injury and have the greatest degree of recovery post flooding. 
Williamson (1964) studied the effects of poor aeration on 
plant growth. Different plant species were grown in sheltered 
and non sheltered lysimeters, and constant water tables of 
15-, 30-, 46-, 61-, and 76-cm below the soil surface were 
established 10 days to 3 weeks after planting and maintained 
throughout the growing season. Og diffusion rates measured 
using platinum microelectrodes indicated extremely poor 
aeration conditions for treatments with 15-cm water-table 
depths. Yields of the grain sorghum, soybeans, cabbage, sweet 
corn, and dwarf field corn for 15-cm water-table treatments 
were reduced 25, 35, 40, 65, and 75%, respectively, indicating 
that grain sorghum was much more adaptable to poor soil 
aeration due to a high water table than corn. 
Field experiments on controlled flooding of corn were 
conducted by Joshi and Dastane (1966). Field plots of sandy 
loam soil with medium fertility were irrigated twice a day to 
maintain flooding for 1, 4, and 8 consecutive days during two 
stages of growth. They observed increased damage to plants 
and reduced grain yields when soil was flooded for 8 days as 
compared to the flooding durations of 1 and 4 days. 
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Adverse effects of longer durations of flooding on other 
plant species, regardless of the timing of flooding during the 
growing season have also been reported. In pot and field 
experiments, Luxmoore et al. (1973) found that flooding wheat 
for 10 to 15 days during grain filling stage had no influence 
on yield but longer flooding durations of 20 to 30 days 
reduced wheat yields by 15 to 23%. Response of grain sorghum 
to duration of flooding at the early reproductive stage of 
growth was studied in field lysimeters by Zolezzi et al. 
(1978). Inundation periods of 7, 12, and 17 days reduced the 
yields 2.5, 12.9, and 21.9% respectively, as compared to crop 
grown in unflooded but well-watered lysimeters. 
Several other investigators (Tovey, 1964; Ritter and 
Beer, 1969; Bhan, 1977; Bowen et al., 1971; Howell et al., 
1976; Leyshon and Sheard, 1974; Patwardhan et al., 1986) have 
also concluded that longer periods of excessive soil water 
conditions cause greater damage to the plant species grown on 
such soils. 
The timing of flooding or excessive soil wetness during 
crop growing season seems to play an important role in the 
reduction of grain yield and on the degree of damage to plant 
growth. Joshi and Dastane (1966) reported that flooding corn 
at the early vegetative and flowering stages reduced the grain 
yield as compared to control treatment. The greatest yield 
reduction was found in the early (vegetative stage) flooding 
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of corn. This reduction they concluded was mainly due to 
poorly developed cobs, and reduced number of grains per cob. 
Ritter and Beer (1969) flooded corn for 1 to 4 days at three 
different stages of development. They found the maximum yield 
reduction for inundation at the early stage of corn growth 
(15-cm plant height). No noticeable amount of damage was 
caused by flooding corn at later stages (76-cm plant height, 
and silking, respectively). 
Leyshon and Sheard (1974) subjected barley to flooding 
periods of 2 to 7 days during different stages of development. 
They found that growth of the 14-day old plants was reduced 
more than the growth of the older (28 and 35-days-old) plants, 
but the younger plants were more capable of recovery from the 
adverse effects of flooding. Howell et al. (1976) reported 
that when grain sorghum was inundated for periods of 12 days 
at different stages of growth, the maximum reduction in plant 
stand and grain yield was at the early vegetative stage, but 
inundation after grain sorghum heading resulted in grain 
yields similar to that of control treatment. 
In a recent study on response of corn to excessive soil 
water conditions at different growth stages, Kanwar et al. 
(1988a) found that increased soil wetness during the early 
part of the growing season (establishment stage) resulted in 
poor crop growth and significantly greater yield reductions. 
In general, most researchers suggested that the greatest crop 
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damage and maximum yield reductions occur when excessively wet 
soil conditions' prevail during early stages of plant growth 
(DeBoer and Ritter, 1970; Chaudhary et al., 1975; Bhan, 1977; 
Singh and Ghildyal, 1980; and Cannell et al., 1980). 
A knowledge of the response of the various plant species 
to excessive soil water conditions during the growing season 
is certainly an important consideration for an optimum 
subsurface drainage design for poorly drained soils of humid 
areas. Sieben, in 1964 (as cited by Wesseling, 1974), 
introduced the SEW (Sum of Excess Water) concept relating crop 
yield reduction to high water table conditions. He defined a 
critical value called "SEWgg"; the sum of excess water within 
30 cm of the soil surface, which can be expressed as; 
n 
SEW30 = Z OO-Xj) 
i = l 
where X is the water-table depth on day i, and n is the number 
of days in growing season. Large SEW3Q values (200 cm-days or 
more) were generally referred to as poor drainage conditions. 
In recent years this SEW30 concept has been utilized in 
predicting the effects of high water table conditions on grain 
yield and other plant parameters. Geohring and Steenhuis 
(1987) observed decreased yields of corn and alfalfa as SEW30 
values increased. SEW values for drained and nondrained areas 
under sugarcane crop were calculated by Carter (1987) on 
annual basis (January-October) for 8 years. He reported that 
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installation of subsurface drains lowered the water table, 
reducing SEW30 and SEW45 (Sum of Excess Water within 45 cm of 
soil surface) values as compared to non-drained areas during 
high rainfall years, increasing cane and sugar yields. 
A three-year study was conducted by Kanwar et al. (1988a) 
to quantify the effects of naturally fluctuating water tables 
on growth and yield in an area where no artificial drainage 
was available. SEW30 values calculated for the growing season 
were related to grain yield, plant population, shoot height 
(canopy and knuckle heights), and dry matter-production. A 
linear decrease with the increase in the SEW3Q values was 
observed for all these parameters during wet years. 
Significant yield reductions in response to SEW30 values as 
low as 40 cm-day were indicated when excessive wet conditions 
occurred during the early part of the growing season. 
Further, for the wet years, grain moisture content at harvest 
was found to linearly increase with an increase in SEW30 
values. 
As was discussed earlier, the final grain yield and 
degree of damage to the growth of plant species were affected 
by the timing of flooding or excessive soil water conditions 
during the growing season. Hi 1er (1969) proposed the use of a 
stress-day index (SDI) as a means to quantify the cumulative 
effect of wetness on a crop during its entire growing period. 
This index is calculated as the product of a stress-day factor 
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(SD) and a crop susceptibility factor (CS). The GDI is then 
the summation of this product for various growth stages of the 
crop. 
Mathematically the SDI concept can be expressed as; 
M 
SDI = S (CS; X SD,) 
4=1 ' 
where M = the number of growth stages 
CSj = the crop susceptibility factor for 
growth stage j 
SDj = a stress-day factor for growth stage j 
The CS factor used in the SDI concept is a function of the 
species and the physiological growth stage of crop and 
indicates the plant susceptibility to a given excessive or 
deficit soil water condition. The SD factor is a measure of 
the degree and duration of stress imposed on a given crop. 
Hi 1er and Clark (1971) proposed a method to develop the 
CS factors for various growth stages of a crop. The procedure 
to determine these CS factors involved imposing an equal 
amount of stress (e.g., flooding the crop for a certain 
duration) during each of the crop development stage with no 
stress for the rest of the growing season. The CS factors are 
then calculated as follows; 
CSj = (Y-Yi)/Y 
where Y^ is the crop yield when subjected to stress at growth 
stage i, and Y is the yield from crop without stress for the 
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entire growing season. 
Evans and Skaggs (1984) used the above approach to 
determine CS factors for various development stages of corn 
and soybeans by subjecting these crops to controlled flooding 
at a given stage of growth. Field and lysimeter experiments 
for two growing seasons were conducted using two soil types, 
silty loam and sandy loam, for the corn study, and sandy loam 
for soybean study. Their study concluded that corn was most 
susceptible to flooding at the late vegetative and flowering 
stages of growth, while soybeans were most susceptible during 
the pod formation and early pod development stages. They also 
observed that the CS values for a given crop growth stage were 
different not only from soil to soil, but also from one year 
to another. These variations in the CS values may be 
attributed to factors other than flooding stress such as, soil 
type, fertility, and heat stress (Evans and Skaggs, 1984). 
In order to eliminate the uncontrollable factors 
mentioned above, Evans and Skaggs (1984) have suggested an 
alternative approach that involves developing normalized crop 
susceptibility factors (NCS) by using CS values. These NCS 
factors can be calculated by: 
N 
NCSi = CSj / <Z CSi) 
i = l 
where NCS^ is the normalized crop susceptibility factor for 
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growth stage i, and N is the number of growth stages for a 
crop in the growing season. Crop susceptibility values for 
various growth stages of several crops grown at different 
locations, under controlled flooding or water deficit 
conditions have been calculated from field and lysimeter 
studies, and presented in the literature (Hi 1er and Clark 
1971; Hi 1er et al., 1974; Desmond et al., 1985; and Ahmed and 
Kanwar, 1988). 
The SDI concept expressed in terms of CS and SD factors 
has been used to schedule irrigation by Hiler and Clark (1971) 
and Hiler et al. (1974). This concept was also applied to 
characterize crop drainage requirements. Ravelo et al. (1982) 
replaced the SD term with Sieben's SEW3Q parameter to account 
for potential degree and duration of stress due to fluctuating 
soil water table conditions. They incorporated the SDI method 
into a water management model (Skaggs, 1975) and assumed a 
linear relationship between the SDI and the reduction in yield 
to relate the effects of excessive soil water to grain sorghum 
yields. The performance of several alternative drainage 
system designs involving drain spacings, depths, and two 
levels of drainage were simulated over a 24-yr period. Design 
graphs were provided for drainage engineers and farmers to 
select the subsurface drainage alternative that results in 
least amount of damage to crops. 
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Development of the computer simulation water management 
model, DRAINMOD (Skaggs, 1975), has made it possible to 
compute the SDI for various development stages of a given 
crop. Hardjoamidjojo et al. (1982) used DRAINMOD to predict 
water tables for calculating SD factors in terms of SEWgg 
values. DRAINMOD was then modified to read in the 
experimentally determined CS factors for various growth stages 
of corn in Ohio to compute the SDI for the growing season. 
Desmond et al. <1985) experimentally determined the CS factors 
for three stages of development of soybeans in Ohio. They 
computed yearly SDIs by calculating SEWgg values (considered 
by them to be the SD factor for soybeans) from DRAINMOD for 
each growth period, multiplied by its corresponding CS 
factors. 
Crop yield response to excessive soil water conditions 
seems to be the meaningful measure to asses the potential 
damage to a crop grown on poorly drained soils. 
Hardjoamidjo jo (1981) proposed a relative yield concept, which 
is a ratio of the grain yield from crop under excessive soil 
water stress to that of a crop under no wet stress. He 
suggested that the use of relative yield rather than absolute 
yield would eliminate effects of other factors such as; field 
fertility, crop variety, and farming practices. The SDI 
factor computed in the studies by Hardjoamidjo jo et al. (1982) 
and Desmond et al. (1985) were related to relative crop yields 
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(determined from long term field data) to predict potential 
yield losses due to excessive wet conditions during the 
growing season. 
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PAPER I. SOIL ATMOSPHERE-ACCESS CHAMBER AND ANALYTICAL 
ASSEMBLY TO MONITOR SOIL AERATION 
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INTRODUCTION 
One technique to sample soil atmospheres employs a 
diffusion chamber or a reservoir buried in the soil (Boynton 
and Reuther, 1938; Yamaguchi et al., 1962; Patrick, 1977; 
Burford and Stefanson, 1973; Carter et al., 1984). Most of 
these chambers were designed to be left in place for several 
samplings. Boggie (1977) adopted a method in which reservoirs 
of special construction were buried in the soil to attain 
equilibrium with the ambient atmosphere, and the composition 
of their contents was determined after excavation. 
Boynton and Reuther (1938) modified a previous method 
(Russell and Appleyard, 1915) by using a well of EO-mm glass 
tubing filled with glass wool and connected to the soil 
surface with copper tubing. The samples obtained by their 
method were large, about 100 cm^. They did speculate about 
the movement of gas down from the zone of better aeration in 
response to the partial vacuum creatèd to withdraw gas 
samples. 
Some point-source sampling techniques using a buried port 
(Staley, 1980), a portable field probe (Robertson and 
Bracewell, 1979), or diffusion chamber techniques (Dasberg and 
Bakker, 1970; Kristensen and Enoch, 1964) have also been used 
to withdraw small samples of soil air (0.005 cm^ to 3.5 cm^), 
but as Hack (1956) indicated, the variability in the 
composition of small samples is much greater than that of 
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large samples. Further, the representation of these samples 
in relation to the plant root environment may be somewhat 
uncertain. 
Another method of sampling soil oxygen <0g) and carbon 
dioxide (COg) was described by Gary and Holder (1982) in which 
a 25-cm-long, 2-cm-diameter balloon was placed horizontally in 
the soil, and nitrogen (Ng) gas flushed through the balloon. 
Og and COg diffuse through the balloon walls in direct 
proportion to their concentration in the surrounding soils; 
portable Og and COg meters at the balloon's mouth measure the 
gases in the Ng stream leaving the balloon. This sampling 
method is simple and fast, yet the strong concentration 
gradients created between the balloon air and the surrounding 
soil atmosphere may introduce the movement of Og and COg into 
the balloon from areas other than the immediate zone of 
sampling. In the field, these balloons were placed 
horizontally by digging 15-cm-deep and 30-cm-long trenches. 
Excessive soil excavation may be required if the balloons are 
to be placed at depths more than 15 cm or if several 
replications are desired over a small area. 
When soil atmospheres are analyzed, the air sample should 
represent the composition at the depth sampled. It is 
important to avoid soil air drawn into the sampling chamber or 
reservoir from another layer. Among present sampling methods 
where a syringe and hypodermic needle are used to withdraw 
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samples from a chamber, reservoir, or a port, it is possible 
to obtain samples from the zone of a least-resistant flow, 
such as a continuous macropore. 
This chapter describes a method of soil atmosphere 
sampling and analysis that involves the construction of an 
atmosphere-access chamber", a dual-action syringe sampling 
assembly, and a sample analysis reservoir to be used in rapid 
and nondisruptive measurement of soil atmospheres at various 
depths. 
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MATERIALS AND METHODS 
Atmosphere-access chamber 
The soil atmosphere chamber (Figure 1) consists of a 9.3-
cm-long stainless-steel cylindrical filter screen (Part No.l 
3800 0025, HYPRO Inc., New Brighton, MN 55112), 1.6 slots per 
linear mm (40-mesh size), 4-cm OD, capped on one end with a 
solid rubber stopper and, the other end, with a two-hole 
rubber stopper. The chamber is connected to the soil surface 
by two tubes (polyethylene 1.57-mm OD x 0.66-mm wall and 
polyurethane 8.13-mm OD x 2.33-mm wall). Both tubes are 
inserted through the two-hole stopper to the center of the 
chamber. Inside the chamber, a rubber balloon (9-cm long and 
approximately 3.5 cm OD) is connected to the polyurethane 
tubing in such a way that the end of the tubing is nearly at 
the midpoint of the balloon. The balloon and the polyurethane 
tubing are filled with water, and the end of this tubing at 
the soil surface is clamped. A rubber septum is placed on the 
end of the polyethylene tubing protruding above ground. The 
lengths of both tubes are only slightly greater than the 
desired depth of the chamber. A fiber-glass matting (a very 
fine filter-like material. Part No.l WC-14, Specification 
Chemical Company, Boone, Iowa) is wrapped around the filter 
screen to prevent any clogging by fine soil particles. 
^Included for the benefit of the reader and does not 
imply endorsement or preferential treatment of the product by 
Iowa State University. 
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Polyurethane tubing (8.1 mm o.d.) 
9.3cm 
•4.0cm 





Filter screen (1.6 slots per linear mm) 
Bottom stopper 
Figure 1. Schematic of soil atmosphere-access chamber 
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Dual-Action Syringe Sampling Assembly 
Two 50-ml plastic disposable syringes (Cat. No. 14-823-
200,1 Fisher Scientific Company, Itasca, IL 60143) are mounted 
on a metal brace with needle ends opposite to each other in 
such a way that, when the plunger of one syringe is pulled to 
draw fluid, the plunger of the other syringe is simultaneously 
pushed to pump an equal volume of fluid (Figure 2). 
To sample soil air from a chamber at a desired depth, one 
syringe is totally filled with water and connected to the 
polyurethane tubing (connected to the balloon), and the needle 
of the other syringe, totally empty, is inserted into the 
rubber septum of the polyethylene tubing. The action of 
simultaneously withdrawing a soil air sample while injecting 
water (essentially a noncompressible fluid) into the balloon, 
results in obtaining a sample in equilibrium with the 
surrounding soil without disruption because the volume of soil 
air sample is equivalent to that of air displaced because of 
inflation of the balloon with water (should the chamber reside 
in saturated soil, the syringe sampling assembly is also 
capable of removing a water sample that can be analyzed for 
dissolved Og). 
1 Included for the benefit of the reader and does not 
imply endorsement or preferential treatment of the product by 
Iowa State University. 
rTo polyethylene tubing 
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50-ml plastic disposable syringes 
10 20 30 <0 |z2 2B 
Empty Syringe plungers-(connected together) 
To polyurethane 
tubing 
I I I I I I I 
30 20 10 
•Water 
Metal brace (attached to 
syringe bodies) 
Figure 2. Dual-action syringe sampling assembly 
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Sample Analysis Reservoir 
A sample analysis reservoir was especially constructed to 
house an Og probe. The reservoir consists of either a 5- or 
10-cm-long plastic centrifuge tube (2.9-cm OD x 1-mm wall) for 
analyzing 10- and 20-ml soil air samples, respectively. The 
bottom of this tube is capped with a rubber stopper, and a 
tube (6-mm OD) is inserted into it. A 10-mm-diameter hole is 
drilled into the centrifuge tube 2 cm below the top, and a 
polyethylene connecter (male end) is inserted and sealed with 
an epoxy adhesive. A rubber septum is mounted on the other 
end of the connector (see Figure 3). 
To analyze a soil air sample, the centrifuge tube is 
totally filled with water, and the Og probe is inserted into 
it from the top and pushed down firmly to establish a complete 
seal between the probe and the centrifuge tube. The air 
sample withdrawn from the soil is injected into the centrifuge 
tube through the rubber septum, while at the same time, the 
other syringe, still connected to the polyurethane tubing of 
the atmosphere-access chamber, withdraws the water previously 
injected into the balloon. 
A battery-powered portable Og meter (Model 7932,1 Leeds 
and Northrup, North Wales, PA 19454) with a B.O.D. probe 
(referred to as the Og probe) is used for soil Og 
1 Included for the benefit of the reader and does not 
imply endorsement or preferential treatment of the product by 
Iowa State University. 
Oxygen probe 
Polyethylene connector 
and rubber septum —, 
Sensing end 
Centrifuge tube -(2.9 cm o.d.) 
Tygon tubing • 
filled with water 
Figure 3. Oxygen probe and sample analysis reservoir 
49 
measurements. This Og meter is capable of recording Og 
concentrations from 0 to that in the atmosphere over a range 
of 4 to 30°C and with an accuracy of about 0.2% volumetric Og. 
The Og probe is calibrated against the natural atmospheric Og 
content (20.2%) before and after each measurement. Reading 
for Og concentration (percent by volume) is taken when the 
meter reading became steady, usually in 2 minutes or less. 
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TESTING PROCEDURE 
Laboratory and field experiments were conducted to test 
the precision and accuracy of results obtained with this newly 
devised sampling technique. In the laboratory, atmosphere-
access chambers were installed in a plexiglas tube <100-cm-
long, 10-cm OD x 0.6-cm wall) containing glass beads (0.5-mm 
diameter), and in an undisturbed soil column in a PVC tube 
(105-cm-long, 25.4-cm OD x 0.75-cm wall). 
In the plexiglas tube (Figure 4), SO-ml air samples were 
obtained from the atmosphere-access chambers at 15-, 30-, and 
60-cm depths from the vertical glass-bead column. These 
chambers were oriented vertically, such that the center of the 
chamber was at the desired sampling depth. An effort was made 
to obtain uniform packing of the glass beads. The top of the 
plexiglas tube was capped with a rubber stopper with holes for 
inserting the polyurethane and polyethylene tubes from the 
atmosphere-access chambers and a tygon tube (1-cm OD x 0.15-cm 
wall) for a gas outlet. The bottom of the plexiglas tubing 
was capped with a solid rubber stopper. A hole was drilled 5 
cm above the bottom of the plexiglas tube and a tygon tube 
(1-cm OD X 0.15-cm wall) was inserted for a gas inlet. A 
general purpose silicone rubber caulking was used to seal any 
clearance between the drilled holes and tubes and between the 
rubber stoppers and the plexiglas tube. The gas inlet and 
























Figure 4. Glass bead column with atmosphere-access chambers 
installed 
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sample analysis reservoir for direct determination of Og 
concentration in the gas mixture flowing into and out of the 
plexiglas tube. Two portable gas cylinders filled with Ng and 
air, respectively, were used to introduce gas mixtures with 
desired Og contents (percent by volume) into the plexiglas 
tube (Table 1). 
Samples were withdrawn from each depth, and Og 
concentrations were determined at the gas inlet and outlet 
directly while a certain gas mixture was being introduced into 
the plexiglas tube continuously. This procedure was repeated 
five times, at half-hour intervals, for a given gas mixture. 
The ambient air temperature was maintained at about S3°C for 
this experiment. 
In another related study (Kanwar et al., 1988b), an 
undisturbed soil column (Figure 5) was used to study the 
transport of Og from the atmosphere into the soil profile. 
The soil-air sampling technique, as described earlier, was 
used to collect soil atmosphere samples for Og analysis. Soil 
atmosphere-access chambers were installed horizontally at 
15-, 30-, 45-, and 60-cm depths in the soil column. Then Ng 
gas was passed through the soil column to flush out the Og 
present initially in the column. Once the steady-state 
conditions were achieved in the soil column, Ng supply was 
stopped, the soil column was exposed to the atmospheric air, 












-Ng injection inlet 
Figure 5. Undisturbed soil column with atmosphere 
access chambers installed 
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samples were taken at various times for Og analysis. The 
procedure for obtaining the undisturbed soil column and other 
details about it are given by Kanwar et al. (1988b). 
Soil air samples (10 ml) were collected from atmosphere-
access chambers placed at 15-, 30-, 45-, and 60-cm depths 
below the soil surface at 0 (right before Ng gas flow was 
stopped), 1/2, 1, 2, 4, 8, 16, 24, 36, and 48 h after the soil 
column was uncapped. These samples were analyzed for Og 
concentrations (see Table 2). The entire procedure of 
replacing soil air with Ng gas, sampling soil air at various 
depths, and analyses for Og concentrations was repeated three 
times. 
Field testing of the atmosphere-access chambers was 
performed on 12 plots (3 x 6 m) near Ames, Iowa. The major 
soil type at this site was Nicollet loam (Aquic Hapludolls), 
and the plots were under continuous, no-till corn production. 
To sample 20 ml of soil atmosphere at 15, 30, and 60 cm below 
the surface, three 5-cm-diameter holes (10 cm apart) were 
augured vertically in the center of each plot with a hand 
auger to a depth 4.5 cm more than the desired sampling depth. 
One atmosphere-access chamber for each depth for each plot was 
inserted and the soil was carefully repacked in the augured 
hole. Soil air or water was sampled and analyzed for Og 
concentrations at least three times a week for an entire 
growing season (May to October 1987). 
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RESULTS AND DISCUSSION 
Table 1 shows Og concentrations measured directly at the 
inlet and outlet of the plexiglas columns with glass beads and 
determined from the air samples obtained from the atmosphere-
access chambers installed at different depths within the 
beads. The data illustrate that the measured Og 
concentrations of the gases introduced into the column were 
essentially identical to those obtained for the air samples 
withdrawn from different depths. Further, the variations 
between the repeated measurements were very small, as 
indicated by the standard deviations. This suggests that the 
soil atmosphere sampling system that consists of atmosphere-
access chambers, a dual-action syringe sampling assembly, and 
the sample-analysis reservoir were leakproof and that no 
contamination occurred during withdrawal or analyses of these 
air samples for Og concentration within the analysis 
reservoir. 
The first and the last entries in Table 1 are the Og 
concentrations measured from samples when only air or only Ng 
(99.9% pure), were introduced into the plexiglas column. For 
pure Ng, flowing into and out of the column, the measured Og 
concentrations were always about 0.5% instead of 0%, seemingly 
the result of the inability of the probe to measure values of 
zero. The Og meter did not display 0% Og concentration even 
when the tip of the probe was immersed in a direct stream 
Table 1. Og concentrations of gases entering and leaving the glass bead 
column and obtained at various depths in the column 
Gas entering Gas leaving 
the column the column 
20.2 ± 0.05b 
15.3 ± O.14 
10.6 ± 0.41 
5.1 ± 0.03 
0.50 ± 0.04b 
Volume 
20.2 ± 0.05 
15.1 ± 0.12 
10.1 ± 0.31 
5.0 ± 0.14 
0.50 ± 0.00 
15 
Fraction (Og, 
2 0 . 2  ±  0 . 0 0  
15.0 ± 0.16 
10.1 ± 0.30 
5.1 ± 0.16 




% ) 3 
20.2 ± 0.00 
15.1 ± 0.11 
10.0 ± 0.30 
5.1 ± 0.20 
0.50 ± 0.00 
60 
2 0 . 2  ±  0 . 0 0  
15.1 ± 0.07 
10.1 ± 0.22 
5.1 ± 0.24 
0.50 ± 0.00 
^Average ± one standard deviation (5 reps). 
bAir only and Ng only, respectively. 
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of pure Ng. 
Table 2 shows Og concentrations for different depths in 
the soil column determined before injection of Ng gas. This 
table also shows the results from the air samples obtained 
from the soil column after termination of the supply of Ng gas 
and exposure of top of the column to the atmosphere. Small 
standard deviations show that minimum variations occurred 
between the repeated soil air samplings at a given time and 
depth. The data also indicate that, after exposure of the 
soil column to the atmosphere, as expected, the rate of 
increase in the Og content of soil at 15- and 30-cm depths was 
greater than those at 45- and 60-cm depths. Furthermore, even 
after 48 h of exposure of the soil column surface to the 
ambient air, except for the 15-cm depth, the Og concentrations 
for 30-, 45-, and 60-cm depths did not reach the values 
measured before the Ng gas was injected into the soil column. 
Table 3 shows an example set of data for soil air samples 
obtained over a 1-week period from the atmosphere-access 
chambers installed in the 12 experimental field plots, all 
being treated the same at that time, for a companion study. 
The data show some decrease in the Og concentrations as the 
depth of sampling increased and larger variability than for 
the laboratory studies, possibly due to variability in soil 
conditions. Most important, the atmosphere-access chambers, 
installed at various depths in the field study in May and 
Table S. Og concentration before and after injection of Ng gas into soil 
column 
Sampling time Sampling depth 
interval 15 30 45 60 
( h ) ( cm ) 
Volume fraction (Og, %)3 
Before^ 18 .7 19 .0 19 . 1 19 .3 
O.OC 0.73 + 0. 06 0. 80 + 0. 10 0.77 + 0.06 0. 77 + 0.15 
0.5 6.40 + 0. 90 1. 50 + 0. 40 0.73 + 0.06 0. 83 + 0.06 
1.0 10.40 + 1 . 10 2. 70 + 0. 31 1 .30 + 0.40 0. 83 + 0.06 
2.0 12.80 + 0. 40 5. 10 + 0. 30 2.00 + 0.31 1 . 30 ± 0.15 
4.0 14.50 + 0. 23 7. 70 + 0. 21 3.70 + 0.30 2. 30 ± 0.50 
8.0 15.90 + 0. 30 10. 20 + 0. 35 6.30 + 0.55 4. 10 ± 0.30 
16.0 16.90 + 0. 15 12. 20 + 0. 15 8.70 + 0.25 6. 80 ± 0.40 
24.0 17.30 + 0, 41 13. 10 + 0. 10 9.80 + 1 .50 7. 90 ± 1.90 
36.0 17.70 + 0. 26 14. 30 + 0. 10 11.60 + 1 .40 10. 30 ± 1 .80 
48.0 18.20 + 0. 35 15. 20 + 0. 10 13.20 + 1 .50 12. 10 ± 1 .80 
^Average ± one standard deviation (3 reps). 
^Before represents the soil column before injection of Ng (for 24 h). 
^O, 0.5, 1.0,....represent the time interval after the Ng was turned 
off and the column cap removed. 
Table 3. Field measurements of soil moisture contents, water-table depths 
and O2 concentrations 
Sampling Water table 
date depth 
15 30 60 
M.c.a 
June 3 90.0 30.7 31.4 29.4 
June 5 92.2 30.7 31.0 29.4 
June 9 91.0 29.0 30.1 29.0 
Sampling 
depth 
15 30 60 
-(cm) 
Volume •fraction(Og, %)^ 
19.0 ± 0.24 19.0 ± 0.60 17.4 ± 2.20 
19.3 ± 0.21 18.3 ± 0.50 16.7 ± 2.00 
19.0 ± 0.16 18.2 ± 0.44 16.8 ± 1.30 
^M.C. = Volumetric moisture content. 
^Average ± one standard deviation (12 measurements, one/plot). 
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removed in October 1907, were free of any deterioration or 
water leakage from the balloons. Further, clogging of the 
filter screen or silt accumulation at the bottom of the 
atmosphere-access chambers was not observed. 
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CONCLUSIONS 
1. Laboratory testing of a new sampling technique for 
monitoring the soil Og status at various depths involving the 
use of an air access-chamber, a dual-action syringe sampling 
assembly, and an analysis reservoir proved to be a fast and 
leakproof (free of outside air contamination) method. 
2. The soil atmosphere sample withdrawn from the 
atmosphere-access chamber by using a dual-action syringe 
sampling assembly should represent point sampling at a desired 
depth. Once a representative sample of soil air is obtained, 
it can be analyzed for various gases by using any portable 
device such as the Og meter used in this study. 
3. Permanent installation of atmosphere-access chambers 
at various depths below the soil surface provides repetitive 
nondestructive soil atmosphere sampling. Small deviations in 
the Og concentrations determined from repeated sampling of 
soil air at various depths in the laboratory columns and field 
study suggest that this sampling technique is reliable. 
4. The construction of an air access-chamber, a dual-
action syringe sampling assembly, and the analysis reservoir 
is easy, inexpensive, and not labor intensive. 
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PAPER II. SOIL AERATION AS AFFECTED BY EXCESS WATER 
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INTRODUCTION 
Flooding or excessive soil-water conditions result in 
reduced air-filled porosity because more of the soil pore 
spaces are filled with water. Gaseous diffusion is the major 
mechanism providing exchange of gases between soil and the 
atmosphere above it (Buckingham, 1904; Penman, 1940). Once 
the soil pores are filled with water, the diffusion of Og into 
the soil is considerably reduced since liquid-phase diffusion 
is about 10,000 times slower than diffusion in the gas phase 
(Grab le, 1966). 
Prolonged flooding (waterlogging) of soils may also 
increase the thickness of the soil water films around plant 
roots, creating an additional resistance for Og diffusion from 
the gaseous phase to the plant root surface (Wiegand and 
Lemon, 1958). The reduction in diffusion results in reduced 
movement of Og from the wet soil to the plant roots. The Og 
deficiency in the root zone causes reduction in root 
transpiration and total root volume, increased resistance to 
transport of water and nutrients through the roots, and 
formation of toxic compounds in soil and plants (Wesseling, 
1974), thereby retarding normal plant growth. Therefore under 
excessive soil-water conditions, inadequate soil aeration is 
the primary limiting factor that inhibits good plant growth 
(Williamson et al., 1965). 
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The most often used measures for evaluation of the soil 
aeration status are the Og concentration in soil air and the 
oxygen diffusion rate <ODR) (Boynton and Reuther, 1938; Lemon 
and Erickson, 1952; Dasberg and Bakker, 1970; Stolzy and 
Letey, 1964; Erickson, 1982; Kowalik, 1985). The Og 
concentration in the soil air is a direct indicator of the Og 
supply to plant roots, but it does not account for the 
influence of thickness of water films surrounding roots on the 
Og availability. On the other hand, the ODR determination 
provides a broader picture of the soil Og availability to 
plant roots because it includes influences of both the 
thickness of the water film surrounding roots, and the 
structure of soil. 
Soil redox potential (Eh) that describes the soil's 
tendency to accept or donate electrons (Krizek, 1982) is 
another important indicator of the soil aeration status, 
especially under very wet conditions-when other aeration 
indices may be inadequate (Glinski and Stepniewski, 1985). 
The effect of a short-term soil Og deficiency on root 
development and plant growth may vary with the species and the 
age of plant (Leyton and Rousseau, 1958), but Kohnke (1968) 
and Kramer (1969) drew the conclusion that a soil atmosphere 
Og concentration of more than 10% by volume (or 50% of air 
saturation) is sufficient for good growth of most plants. The 
data from studies on the relation of ODR to plant growth 
65 
(Erickson, 1965; Stolzy, 1974) suggest that at QDRs below 20 X 
10~® g cm"2 plant roots may cease to grow, and severe 
stress on plants may result in their death. On the other 
hand, ODRs of above 40 X 10~S g cm"2 min"l provide favorable 
soil aeration conditions for normal growth of plants. 
The redox processes that occur in the soil can influence 
plant growth by changing the chemical composition of the soil 
atmospheres. Several researchers have suggested critical Eh 
values at which soil Og begins to disappear and may no longer 
be available for plant growth (Grable and Siemer, 1968; 
Patrick and Mahapatra, 1968; Takai and Kamura, 1966; Turner 
and Patrick, 1968). Recently, Carter (1986) indicated that at 
a soil Eh value of 350 mV, little or no Og is present in the 
soil, and a redox value of -400 mV will indicate strongly 
reduced conditions while a well oxidized soil will have a Eh 
of 700 mV or above. 
This paper describes the results of an experiment in 
which soil Og concentration, DDR, and Eh were measured under 
flooded and unflooded conditions for the entire growing season 
to quantify the effects of excessive wet conditions on soil Og 
availability and supply to plant roots for the growth of corn. 
Some measurements were made over short time intervals to 
assess the Og depletion with flooding and resupply with 
drainage. 
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MATERIALS AND METHODS 
Twelve experimental plots, each 300 cm wide and 600 cm 
long were established during 1986 to conduct flooding 
experiments on corn grown in 1987 and 1988 in an associated 
study on corn growth as affected by flooding. These plots 
were used to make Og concentration, Eh, and ODR measurements 
during the 1987 growing season. The experimental site was 
located at an Iowa State University owned field near Ames, 
Iowa. The soil at this site was a Nicollet loam (Aquic 
Hapludolls). Selected physical properties of this soil are 
presented in Table 1. 
Ten of the twelve plots were specially constructed to 
permit control of the water-table elevations and creation of 
flooding through subirrigation and tile drainage. The 
construction of these "isolated field plots" is described in 
paper 3 of this dissertation. Four flooding treatments, i.e., 
flooding plots for a 10-day period during early vegetative <36 
days after planting), late vegetative (56 days after 
planting), flowering (76 days after planting), and yield 
formation (100 days after planting) stages of corn growth, and 
a control treatment in which the water table was constantly 
maintained at about 90-cm depth below the soil surface, were 
replicated twice and assigned to ten plots. 
The water tables on the flooding treatment plots were 
also maintained at 90-cm depth when not being flooded. The 
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Table 1. Selected physical properties of the Nicollet 
loam soil 






cm — — — — — — •  %a— — Mg/m^ % 
15 31.3 43.6 25.1 7.3 1 .20 4.3 







6.9 1 .35 2.9 
^Mean value determined from soil samples (n=6 per 
depth) obtained from the experimental site. 
bprom Soil Survey of Story County, Iowa (USDA, 1984). 
cprom Kanwar et al. (1987). 
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other two of the twelve plots were not assigned to any water-
table treatments and were allowed to drained naturally. 
Og concentrations, Ehs, and ODRs at 15-, 30-, and 60-cm 
depths below the soil surface were determined in each plot. 
An undisturbed area between the middle two planted rows was 
allocated for such measurements. To measure soil Og 
concentrations, a specially constructed soil atmosphere access 
chamber was installed at 15-, 30-, and 60-cm depths. A dual-
action syringe sampling assembly and a sample analysis 
reservoir were used to withdraw air or water samples from an 
access chamber and to analyze those samples for Og 
concentrations, respectively. A detailed description of soil 
atmosphere sampling and analysis is presented in paper 1 of 
this dissertation. Soil Og concentrations in either air or 
water, are recorded as % of saturation relative to the natural 
Og content of the earth's atmosphere. 
In each plot, platinum microelectrodes (4-mm long, 22-
gage platinum wire at the tip of an insulated stainless-steel 
rod) were positioned at 15-, 30-, and 60-cm depths, 
immediately before measuring soil Ehs, followed by ODR 
measurements made using the same microelectrodes. A set of 
ten microelectrodes per depth was used except for the 60-cm 
depth where five microelectrodes were used. 
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Soil Ehs (mV) were read using a digital multivoltmeter 
(Oxygen/ORP meter, Model P5E, Jensen^ Inst. Tacoma, WA), a 
Ag/AgCl reference electrode, and the microelectrodes. The Eh 
values with respect to a standard hydrogen electrode were 
calculated by adding 222 mV (the potential of the Ag/AgCl 
reference electrode) to the measured readings. No adjustments 
for the soil pH were made because of small variation in the 
soil pH values determined at all depths (Table 1). 
Electrode current readings in microamperes were made 
using the microelectrodes and a Model D Jensen^ oxygen 
diffusion ratemeter (Jensen^ Inst. Tacoma, WA), and a Ag/AgCl 
reference electrode which was placed at 4-cm depth below the 
soil surface. The ratemeter was set to apply 0.65 V to a 
complete set of microelectrodes at a given depth. Current 
readings were recorded at each depth after waiting 4 min. The 
ODR for each depth was calculated by: 
ODR = 5.95 C 
where C was the current reading, and ODR was the oxygen 
diffusion rate (10~S X g cm~2 min"l) for a given soil depth. 
In each plot, simultaneous Eh and ODR measurements and 
soil air or water sampling for Og concentration were performed 
three times a week at all depths except at 60 cm where Eh and 
ODR were measured only once a week. For the plots assigned to 
^Trade name is included for the benefit of the reader and 
does not imply endorsement or preferential treatment of the 
product by Iowa State University. 
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flooding treatments, Eh and ODR measurements and Og 
concentrations were determined at least five times per depth 
within the first 48 h of a water table raising or lowering 
event. 
In the center of each plot, a neutron access tube (ISO-cm 
long, 3.8-cm OD galvanized steel tubing with closed bottom) 
was installed to measure neutron count—ratios at 15-, 30—, and 
60-cm depths below the soil surface with a neutron moisture 
gage. A count-ratio (CR) versus moisture content (MC) 
calibration curve (the best fitted linear regression line 
giving an equation of MC = -6.89 + 56.79 CR, r2=0.66, n=177) 
was used to determine volumetric moisture contents (Figure 1). 
Count-ratio measurements were made every time measurements for 
Ehs, ODR, and Og concentrations were made during the growing 
season. 
Equation 


























gure 1. Scatter plot of count ratio versus corresponding moisture 
contents and the best fitted linear regression line (calibration 
curve) 
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RESULTS AND DISCUSSION 
Soil Aeration Monitored during the Growing Season 
Soil Og concentrations, Ehs and ODRs from various 
treatment plots were measured down to the 60-cm depth during 
the 1987 growing season. As an example of the data collected 
during the growing season, Gg concentrations (percent 
saturated), Eh <mV), and ODRs (10~B x g cm"2 min"l) measured 
for two of the isolated field plots assigned to a flooding 
treatment (Figures 2-4) and a control treatment (Figures 5-7), 
respectively, are presented. Figures 2-7 also show the 
rainfall amounts (vertical bars) greater than 13 mm recorded 
during the growing season. 
As expected, both the Og concentrations and ODRs 
decreased as the depth of sampling increased. Although the 
differences were small, the Ehs determined at the 30-cm depth 
for the flooding (Figure 3) and control (Figure 6) treatments, 
and the natural drainage plots (data not shown here) were 
usually higher than those measured at 15-cm depth. Under 
flooded conditions (Figure 3), the Ehs at the 15-cm depth were 
also lower than those at the 30-depth, which inturn were lower 
than those at the 60-cm depth. This may be due to organic 
matter decreasing with depth (Table 1). Willett (1978) showed 
that greater reductions occurred in Eh values of a clay soil 
due to the combined effect of flooding and organic matter than 
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Figure 2. Soil Og concentrations monitored at 15—, 30-, and 60-cm depths of 
a plot flooded at yield-formation stage of corn growth during the 
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Figure 3. Soil Ehs monitored at 15-, 30-, and 60-cm depths of a plot 
flooded at the yield-formation stage of corn growth during the 
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Figure 4. Soil ODRs monitored at 15-, 30-, and 60-cm depths of a plot 
flooded at the yield-formation stage of corn growth during the 


















M i l  
<1 
100 
15 cm depth 
Days Since June 1, 1 987 
+ 30 cm depth O 60 cm depth 
Figure 5. Soil Og concentrations monitored at 15—, 30—, and 60—cm depths of 
a plot with the water table controlled at 90 cm during the 1987 

















15 cm depth 
Days Since June 1, 1 987 
30 cm depth O 60 cm depth 
Figure 6. Soil Ehs monitored at 15-, 30-, and 60-cm depths of a plot with 
water table controlled at 90 cm during the 1987 growing season 
(natural rainfall shown as vertical bars) 
100 
Days Since June 1, 1987 
30 cm depth 60 cm depth • 15 cm depth 
Figure 7. Soil ODRs monitored at 15-, 30-, and 60-cm depths of a plot with 
water table controlled at 90 cm during the 1987 growing season 
(natural rainfall shown as vertical bars) 
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During flooding <79-89 days after June 1), Qg 
concentrations (Figure 2), Ehs (Figure 3), and ODRs (Figure 4) 
reached below "critical levels" of the 50% (saturated oxygen), 
350 mV, and SO X 10~® g cm~^ min"l, respectively, at all the 
sampling depths. This was also true for all the other plots 
that were subjected to a 10-day flooding period at different 
stages of growth, yet the associated study on corn growth 
(paper 3 of this dissertation) showed that the maximum 
reduction in corn yield due to flooding occurred at the two 
earlier vegetative growth stages. This suggests that corn is 
more adaptable to adverse conditions of poor aeration at later 
stages of its development. 
The ODRs at the 60-cm depth were usually below the 
"critical level" of 20 X 10~® g cm"^ min"l during the growing 
season for both the control treatment plot (Figure 7) in which 
water table was maintained at 90-cm below the soil surface and 
the flooding treatment plot (Figure 4), even when not being 
flooded (this was also true for the remainder of the plots for 
which the data are not shown here). However, the control 
plots produced greater corn yields (paper 3 of this 
dissertation) than the other plots which were flooded for a 
10-day period, at which time ODRs were usually less than 10 X 
10~® g cm"2 min"l at all the sampling depths. There is a 
possibility that under the experimental conditions of this 
study, the "critical ODR level" for corn growth was 10 X 10"8 
80 
g cm"2 min"l or below. This is in agreement with the 
observation of Williamson (1964) who also found critical ODR 
levels to be lower than SO X 10~S g cm"^ min"^ for the growth 
of several crops including corn. Williamson (1964) explained 
that in the field, plant root systems occupy larger volumes of 
soil as compared to greenhouse studies where small containers 
are used in which roots are restricted to a smaller volume of 
soil. Therefore in the field, lower ODRs may be able to 
supply sufficient Og for normal plant growth. 
Naturally occurring rainfalls during the growing season 
also decreased the soil Og concentrations and ODRs at all 
depths (Figures 2 and 5, and 4 and 7), mainly due to increased 
moisture contents at the soil surface, even though the water 
tables were maintained at about 90 cm throughout the growing 
season. However, the increased moisture conditions at the 
soil surface due to rainfall did not always cause reductions 
in the Ehs at all depths (Figures 3 and 6). 
Effect of Water Table Raising and Lowering on Soil Aeration 
Figures 8-10, and 11-13 show the short-term effects of 
soil flooding (raising water table) and drainage (lowering 
water table), respectively, on the Og concentrations, Ehs, and 
ODRs measured at 15-, 30-, and 60-cm depths below the soil 
surface in one of the plots assigned to flooding treatments. 
It took about 19 h to totally flood the plot through 
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Figure 8. Soil aeration status (Og concentration. Eh, and DDR) monitored at 
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Figure 9. Soil aeration status (Og concentration, Eh, and ODR) monitored at 
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Time from start of flooding (h) 
Figure 10. Soil aeration status (Og concentration, Eh, and ODR) monitored 
at 60-cm depth during short-term flooding period 
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depth (Figure 8) between 11 and 19 h after beginning 
subirrigation. Within that time period, Og concentration and 
QDR values at the 15-cm depth were reduced from 97 to 13% of 
saturation, and from 45 X 10~® to 9 X 10~® g cm"2 tnin"^ , 
respectively, indicating an inadequate supply of oxygen to 
plant roots. On the other hand, soil Eh at the 15-cm depth 
(Figure 8) did not decrease below 350 mV (a value indicating 
little or no Og present at that depth in the soil) until 42 h 
(S3 h of inundation) after subirrigation. Og concentrations 
and ODR values obtained at the 30-, and 60-cm depths (Figures 
9 and 10, respectively) were also below the critical levels in 
about 11 h after subirrigation. But at these two lower 
depths, it took even longer (114 h after subirrigation or 95 h 
of inundation) for soil Eh to fall below the critical level of 
350 mV. 
After the 10-day flooding period, the soil was allowed to 
drain and within 12 h after beginning drainage, the water 
levels reached a depth of 89 cm and the soil Og concentrations 
and the Ehs at the 15-cm depth (Figure 11) increased 
substantially. These parameters reached nearly 100% 
saturation and 630 mV, respectively, in 157 h after drainage; 
however, the ODR remained depressed (near the critical level 
of 20 X 10~S g cm"2 min"l) in the same time span (Figure 11). 
Og concentrations for the 30-, and 60-cm depths (Figures 12-
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Figure 11. Soil aeration status (Og concentration, Eh, and ODR) monitored 
at 15-cm depth after water table lowering 
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gure 12. Soil aeration status (Og concentration, Eh, and ODR) monitored 
at 30-cm depth after water table lowering 
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gure 13. Soil aeration status (Og concentration, Eh, and ODR) monitored 
at 60-cm depth after water table lowering 
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drainage. The ODRs at these depths (Figures 12-13) also 
remained below the critical levels even after 199 h of 
drainage, suggesting that plants were under some Og stress 
even 187 h <199 - 12 h) after the water table was lowered to 
90-cm below the soil surface. 
Even though the soil continued to drain with time and 
substantial increases in the Dg concentrations were observed 
at all depths, the small corresponding increases in the ODR 
values suggest that many air—filled pores were discontinuous 
or blocked by water films. These ODR measurements agree with 
those of Wilson et al. (1985) who, after allowing a nearly 
saturated silt loam soil to dry by drainage and evaporation 
for nearly 10-days, observed that at depths below 10-cm, the 
ODR failed to increase above 10 X 10~® g cm"2 min"l. 
Relationships between Og Concentration, Eh, and ODR 
Op Concentration versus Eh 
The relationships between Og concentrations and the 
corresponding Eh values at 15-, 30-, and 60-cm depths below 
the soil surface are presented in Figures 14-16. These are 
pooled data from all the experimental plots and measurements 
made during both flooded and unflooded conditions. 
A considerable amount of variation exists in the Eh plot 
versus measured Og concentrations for all the sampling depths. 
This is true up to an Og concentration of about 70% above 
which the corresponding Eh values fluctuate around 600 mV 
100 
02 Concentration (% Saturated) 
gure 14. Relationship between Og concentration and corresponding Eh at 
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Figure 15. Relationship between Og concentration and corresponding Eh at 

















































Figure 16. Relationship between Og concentration and corresponding Eh at 
the 60-cm depth (pooled data from all the experimental plots) 
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indicating a well oxidized soil system. These Eh values for 
70-100% Og concentrations are similar to those measured by 
Carter (1986) at 25-, and 75-cm depths below the surface of a 
silt loam soil, continuously drained to a depth of 135-cm 
throughout the wheat growing season in Louisiana. 
Qg Concentration versus ODR 
Figures 17-19 show the relationships between Og 
concentrations and corresponding QDRs measured at the 15-, 
30-, and 60-cm sampling depths, respectively. The pooled data 
from all the experimental plots include Og concentration and 
ODR measurements made during both flooded and unflooded 
conditions. Although some variation exists, the plots of Og 
concentrations versus ODRs can be separated into three 
different soil moisture regimes: flooded or nearly saturated 
with water, (0-30% saturated oxygen); draining or transition 
state from flooded to unflooded conditions (40—80% saturated 
oxygen); and unflooded conditions (80-100% saturated oxygen). 
In general, it can be observed that Og concentrations of 
nearly 70% would be required before an adequate supply of 
oxygen (ODR above 20 X 10"8 g cm"2 min"l) is available to the 
plant roots. 
ODR versus Eh 
The relationships between Eh and ODR are illustrated in 
Figures 20-22 for the 15-, 30-, and 60-cm depths, 
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Figure 17. Relationship between Og concentration and corresponding ODR at 
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Figure 18. Relationship between Og concentration and corresponding ODR at 
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Figure 19. Relationship between Og concentration and corresponding ODR at 
the 60-cm depth (pooled data from all the experimental plots) 
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plots collected during both flooded and unflooded conditions. 
Again some variations in the Eh values exist relative to the 
ODR values determined at all the sampling depths. Up to an 
ODR of about 10 X 10~S g cm"2 min"l, it is difficult to 
establish accurately the oxidation status of the soil. But 
beyond this value of ODR, Eh at all depths varied mostly 
between 600-700 mV suggesting well-oxidized soil conditions. 
Field measurements by Armstrong (1967) on a waterlogged 
organic soil (Scottish blanket-bog peat) indicated a similar 
pattern for Eh in relation to ODR with the exception that in 
his study, maximum ODR and Eh values were below 10 X 10~® g 
cm~2 min"l, and 400 mV, respectively, and large variation in 
Eh occurred only up to an ODR of 1 X 10"^ g cm"2 min"l. 
Relationship Between Og Concentration, Eh, ODR 
and the Air-Filled Pore Spaces in Soil 
Air-filled pore space (percent by volume) was calculated 
from the volumetric moisture content (MC, percent) determined 
at various soil depths during the growing season. The highest 
moisture content for a given soil depth during flooding of a 
plot was presumed to be the saturated volumetric moisture 
content (MCg, percent) at that depth. The air-filled pore 
space was then the difference between MCg and MC. 
Soil Og concentrations, Ehs, and ODRs measured at the 15-, 
30-, and 60-cm depths are plotted against the corresponding 
air-filled pore spaces in Figures 23-25, 26-28, and 29-31, 
r: X X 
X X 
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gure 20. Relationship between ODR and corresponding Eh at the 15-cm 
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Figure SI. Relationship between ODR and corresponding Eh at the 30-cm depth 
(pooled data from all the experimental plots) 
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Figure 22. Relationship between ODR and corresponding Eh at the 60-cm depth 
(pooled data from all the experimental plots) 
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respectively. These are pooled data sets for eight isolated 
field plots that were subjected to flooding at different 
stages of development during the growing season. Although 
again there is some variation, Og concentration (Figure 23), 
Eh (Figure 26), and ODR (Figure 29) increased with an increase 
in the air-filled pore spaces at the 15-cm depth. Similar, 
but somewhat less distinct, trends for Og concentrations, Eh, 
and ODRs relating to air-filled pore spaces were observed at 
the 30-cm (Figures 24, 27, and 30, respectively), and 60-cm 
(Figures 25, 28, and 31, respectively) depths. 
For adequate soil aeration (in terms of Og concentration. 
Eh, and ODR), an air-filled pore space of 8-10 percent was 
needed at the 15-, and 30-cm depths. But it is interesting to 
note that at the 60-cm depth, the maximum air-filled pore 
space ever calculated was only about 12% (less than half of 
those at the 15-, and 30-cm depths) and soil Og concentrations 
and the Eh values were usually above their critical levels at 
4-5% air-filled pore space, whereas, an air-filled porosity of 
at least 8% was still needed to obtain values of ODR above the 
critical level. 
Grable (1966) reported that studies relating air porosity 
and plant growth indicated that a 10% by volume of air-filled 
pores may be assumed as the lowest value at which air can be 
exchanged in the soil, i.e., the minimum air-filled porosity 
that must be obtained in a drainage operation. However, 
^ xx >y X 
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Ail—Filled Pore Spaces (%) 
Figure S3. Relationship between air—filled pore spaces and corresponding Og 
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gure 24. Relationship between air-filled pore spaces and corresponding Og 
concentration at the 30-cm depth (pooled data from flooded 
plots) 
Ail—Filled Pore Spaces (%) 
igure 25. Relationship between air—filled pore spaces and corresponding 
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Figure 26. Relationship between air-filled pore spaces and corresponding Eh 
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Figure 27. Relationship between aii—filled pore spaces and corresponding Eh 
at the 30-cm depth (pooled data from flooded plots) 
All—Filled Pore Spaces (%) 
gure 88. Relationship between air-filled pore spaces and corresponding 
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Figure 29. Relationship between air-filled pore spaces and corresponding 
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Ail—Filled Pore Spaces (%) 
gure 30. Relationship between air-filled pore spaces and corresponding 
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gure 31. Relationship between air—filled pore spaces and corresponding 
•DR at the 60-cm depth (pooled data from flooded plots) 
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Flocker et al. (1959) concluded that this value is not 
constant, but that for each soil there is an optimum amount of 
air space and any air space less or greater than this amount 
could reduce plant growth. 
Throughout the air-filled pore space range studied, the 
Og concentrations (Figures 23-25), and the ODR values (Figures 
29-31) at the two lower depths (30 and 60 cm) were generally 
lower (especially under unflooded conditions) than those at 
the 15-cm depth. This result may be due to the expected 
damping effect of Og concentration on oxygen diffusion from 
the atmosphere at the soil surface into the soil profile. 
I l l  
CONCLUSIONS 
1. Sustained flooding reduced soil Og concentrations, 
Ehs and ODRs at all the sampling depths to below the 
"critical levels", resulting in restricted Og supply to the 
plant roots. 
2. Naturally occurring wetness after rainfall decreased 
the Og concentrations and ODRs at all the sampling depths, 
primarily due to the increased moisture contents at the soil 
surface. 
3. Corn seemed to be more adaptable to adverse 
conditions of poor soil aeration (in terms of Og 
concentration, Eh, and ODR) at the flowering and yield 
formation stages of growth. Grain yields for those stages 
(see paper 3 of this dissertation) were less than the control 
plots in which water tables were maintained at 90 cm, but the 
differences were not' statistically significant. 
4. A high Og concentration and Eh in the soil profile 
sampled were not always accompanied by high ODR indicating 
discontinuities or blocking of the corresponding air-filled 
pore spaces by water films. 
5. Generally, an air-filled pore space of 8 to 10% was 
sufficient for adequate soil aeration for good plant growth. 
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Excessive rainfall usually results in very high water 
tables or even temporary flooding of poorly drained soils. 
Planting delays, poor crop emergence, and reduced efficiency 
of farming operations are typical problems if excess soil-
water conditions exist during the crop growing season. In 
addition, poor soil aeration may reduce crop growth. 
Therefore, substantial crop yield losses due to inadequate 
soil water drainage may occur (DeBoer and Ritter, 1970; 
Wesseling, 1974; Kanwar et al., 1984). 
The degree of damage to a crop due to excessive soil 
wetness varies with plant species and duration and timing of 
flooding, or high water-table conditions, during the cropping 
season. Plant species that produce adventitious roots most 
rapidly suffer the least injury and have the greatest rate of 
recovery from flooding or excess soil-water stress (Kramer, 
1951; Purvis and Williamson, 1972). Several experiments on 
crop response to controlled flooding (Joshi and Dastane, 1966; 
Ritter and Beer, 1969; Luxmoore et al., 1973; Bhan, 1977; 
Zolezzi et al., 1978) have indicated that the longer the 
duration of flooding, the greater the damage to plants and 
reduction in grain yields. This adverse effect of longer 
flooding periods may be due to prolonged oxygen deficiency in 
the root zone. 
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The timing of excess soil-water conditions relative to 
plant-growth stage during active crop growth seems to play an 
important role in reduction of final grain yields and the 
extent of injury to plants. Flooding at the pregermination 
stage can significantly reduce emergence (Fausey et al., 
1985). Most studies conclude that the greatest crop damage 
and maximum yield reductions occur when soils are excessively 
wet during early stages of plant growth (Joshi and Dastane, 
1966; Leyshon and Sheard, 1974; Howell et al., 1976; 
Patwardhan et al., 1986; Kanwar et al., 1988a). 
An effective drainage system design is based not only on 
the evaluation of the soil properties affecting drainage, but 
it also incorporates the drainage requirement criteria for the 
crops to be grown. Hi 1er (1969) proposed the stress-day index 
(SDI) concept as a quantitative means of determining the 
degree of stress (excess or deficit soil-water stress) imposed 
on a crop during its growing season. One of the components of 
SDI is the crop susceptibility (CS) factor that describes the 
degree of stress imposed, and depends upon the species and the 
stage of development of a given crop. Field and lysimeter 
experiments have been conducted to determine values for CS 
factors for various physiological growth stages of corn and 
soybeans subjected to controlled flooding (Barkle and Schwab, 
1984; Evans and Skaggs, 1984). Evans and Skaggs (1984) have 
suggested a concept of developing normalized crop 
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susceptibility (NCS) factors by using the CS values. They 
found that this approach statistically eliminates the effects 
of factors other than flooding stress (e.g., genotype, soil 
type, fertility, and temperature.) on the CS values determined 
experimentally from one year to another. 
Previously, the SDI concept was utilized to schedule 
irrigations (Hiler et al., 1974). In recent years, CS values 
determined for crops subjected to excess soil-water stress 
have been used to calculate SDIs. These indices have been 
used to predict relative crop yields for evaluating drainage 
system designs (Hardjoamidjo jo et al., 1982; Ravelo et al., 
1982; Desmond et al., 1985; Kanwar, 1988). 
The purpose of the research reported herein was to assess 
the response of corn to temporary flooding with the following 
specific objectives in mind: 
1. To conduct experiments on specially constructed, 
isolated field plots to determine CS and NCS factors for corn 
subjected to controlled flooding. 
2. To further test the SDI concept by comparing the 
relationship between relative yields and SDI values 
(calculated from water table elevations and determined CS 
factors) for the isolated field plots and a nearby undrained 
area with fluctuating water tables. 
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MATERIALS AND METHODS 
Experimental Site 
The experimental site for this study was located on land 
owned by Iowa State University near Ames. The soil at this 
site was a Nicollet loam (Aquic Hapludolls). Soils from the 
Nicollet series are characterized as somewhat poorly drained 
soils with seasonally high water tables. The surface slopes 
range from 1 to 3%. The experimental area was under no-till 
continuous corn production from 1986 through 1988, and 
flooding experiments were conducted during the 1987 and 1988 
growing seasons. 
Twelve experimental plots, each 300 cm wide and 600 cm 
long were established during 1986. Figure 1 shows the 
topographic map of the site and layout of the plots (plot 7 
was moved 6 m west of plot 3 in 1987). Four rows of corn 
(Pioneer 3475), 75 cm apart (Figure 2) with an average 20 cm 
plant-to-plant spacing were planted in each plot. At the same 
time, the areas between the plots were planted to prevent an 
island effect. Twenty days after planting, fertilizer (175-
45-100, kg/ha/yr N-P-K, respectively) was surface dribble-
banded on each plot with a hand applicator. Weeds were 
controlled before planting and during the growing season on 
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Figure 1. Topographic map (m elevations) and plot lay-out at the 
experimental site 
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Construction of Isolated Field Plots 
The experimental plots for flooding and control 
treatments were specially constructed to allow control of 
water-table elevations and creation of flooding above the soil 
surface. A typical isolated field-plot with a cut-away view 
of the special features is shown in Figure 2. A SO-cm wide 
and ISO-cm deep trench around the perimeter of each plot was 
made using a Ditch Witch^ trencher, and the bottom of the 
trench was finished manually with a "tile trench crumber." 
Following the digging of the trench, the plot was completely 
enclosed by a plastic barrier (0.25-mm thick, polyethylene 
sheet) which extended from the soil surface to the bottom of 
the trench. The purpose of this plastic barrier was to 
"isolate" the experimental plot from its surroundings and to 
minimize any lateral seepage during flooding. A corrugated 
and perforated plastic tube (10-cm OD) was installed at the 
bottom of the trench on the inside of the plastic barrier. 
A 90-cm wide ditch was dug to a depth of 135-cm with a 
back hoe mounted on the Ditch Witch trencher to install a 150-
cm tall corrugated plastic pipe (46-cm OD X 0.32-cm wall) at 
the corner of the plot as a sump. The sump was also located 
on the inside of the plastic barrier. At 15 cm from the 
bottom of the sump, two holes were drilled at right angles to 
iTrade name is included for the benefit of the reader and 
does not imply endorsement or preferential treatment of the 
product by Iowa State University. 
300 cm 




Metal border (20-cm tall) 
Garden hose 
Corrugated plastic sump (46-cm OD) 
Corrugated plastic tile (10-cm OD) 
Swing check valve 
Figure 2. Isolated field plot with a cut-away view of the special features 
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each other and the corner ends of the tile line were inserted 
horizontally about 15 cm into the sump. The bottom of the 
sump was located 135 cm below the soil surface, and the top of 
the sump was 15 cm above the soil surface. The tile line was 
"blinded" with top soil using hand shovels. The trench and 
the excavation around the sump were back filled and tamped 
using a tractor mounted front end loader and hand shovels. On 
the outside of the trench, 20-cm tall galvanized sheet metal 
borders were inserted 8 to 10 cm into the soil to prevent 
leakage of ponded water during flooding. 
A sump pump, with its inlet connected to a garden hose 
(1.6-cm OD) and a swing check valve assembly, was used to 
control the elevation of the water table in each plot. When 
flooding was desired, the pump was raised to the top of the 
sump and water was added to the sump through the garden hose. 
Water from the sump moved into the tile line causing flooding 
of the plot by subirrigation. The height of the sump pump was 
adjusted until ponding on the plot surface was observed. To 
maintain the water table at 90 cm below the soil surface 
during nonflooded periods, the pump was lowered into the sump 
and its height adjusted according to the water-table elevation 
measured in an observation well (150-cm long, 3.8-cm OD, 
plastic pipe with perforated sides and open bottom) installed 
in the center of the plot. The height of the sump pump was 
adjusted if observation well readings varied more than ±10 cm 
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from 90 cm. A continuous supply of water was maintained to 
the sump from a 500 gal capacity plastic water-storage tank. 
The excess water that drained out of the plot and discharged 
into the sump from the tile line was pumped back to the tank 
through the same hose used to supply water to the sump. This 
was accomplished by reversing the direction of the flow with 
the swing check valve. 
Excess Wetness Treatments to Determine CS Factors 
Table 1 gives the various treatments and flooding times 
for early vegetative, late vegetative, flowering, and yield 
formation stages of growth. Each flooding was for a 10-day 
period. The other treatment was a "control" treatment in 
which the water table was maintained at about 90 cm below the 
soil surface throughout the growing season. The water tables 
on the flooding treatment plots were also maintained at 90 cm 
when not being flooded. Five treatments, replicated twice, 
were assigned to 10 experimental plots. In addition, two 
plots which drained naturally were also established at the 
experimental site. 
Measurements of Plant-Growth Parameters 
Plant-canopy heights and dry-matter weights were 
determined 36, 56, 76, 100, and 125 days after planting. 
Plant canopy height was measured as the distance from the 
ground surface to the top flag leaf (even after tasseling). 
Four plants were randomly selected once and their average 
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Table 1. Treatments and flooding sequence 








Flowering 6, 10 76 86 
Yield formation 3,5 100 1 10 
Contro1 
CD d 
Natural drainage 7,11 e 
^After Doorenbos and Kassam, (1979). 
bpiots = plots assigned to corresponding 
treatments. 
CDAP = days after planting. 
^Not flooded, water table maintained at 90 cm. 
®Water table varied naturally. 
123 
canopy height for each plot was recorded throughout the 
growing season. Four randomly selected plants were cut at 
ground level in each plot and average dry matter weight per 
plant was determined after drying to a constant weight at 60 
°C. At maturity, corn grain yields were measured from ten 
consecutive plants hand harvested from the middle of the 
second row (Figure 2) of each plot. All the yields were 
corrected to a uniform moisture content of 15.5 percent. 
Stress-Day Index (SDI) Model 
Crop susceptibility (CS) factors for four stages of 
growth were computed from the equation, 
CSi = (Y-Yi)/Y 
where Y = the yield for the control treatment without 
flooding stress, and Yj = yield for the flooding treatment at 
growth stage i. 
Normalized crop- susceptibility (NCS) factors for the four-
growth stages were computed from the equation, 
M 
NCSj = CSi/( Z CSi) 
i = l 
where M = 4, the number of growth stages i for which 
measurements were made in this study. 
The SDI concept proposed by Hi 1er (1969) can be expressed 
as : 
M 
SDI = Z (CSi * SDi) 
i = l 
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where SDj = a stress-day factor for growth stage i. 
The SD factor is a measure of the degree of stress caused by 
excessive soil water conditions. Hardjoamidjo jo et al. (1982) 
suggested the use of the quantity called the SEW30 (Sum of 
Excess Water, defined by Sieben) as the SD factor. This SEW30 
parameter used to quantify the stress caused by fluctuating 
water tables can be calculated by using the equation, 
N 
SEW30 = S (30 - Xi) 
i = l 
where Xj = the water-table depth below the soil surface on 
day i, and N = the number of days in the growing season. 
For SEW30 calculations, only water elevations (Xj values) 
above the 30-cm depth are considered and the negative values 
inside the summation are neglected. 
The SDI models for predicting relative corn yields 
(ratios of the measured yields to the highest yield for a 
given year) were developed from the CS values determined from 
the isolated field plots during the 1987 and 1988 growing 
seasons, and SEW30 and yield data obtained for the 1984 and 
1986 growing seasons from a field study conducted by Kanwar et 
al. (1988a) near the experimental site on an undrained area 
with fluctuating water tables. 
Other Measurements 
Water table depths for each plot were measured with a 
depth gage. Rainfall data for the 1987 and 1988 growing 
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seasons were collected from two plastic rain gages installed 
25 m apart in the middle of the experimental area. The daily 
air temperature data for the 1987 and 1988 growing seasons 
were obtained from the nearby meteorological station located 
at the Iowa State University's Agronomy and Agricultural 
Engineering Research Center. 
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RESULTS AND DISCUSSION 
Rainfall and Temperatures 
Monthly rainfall data for the 1987 and 1988 growing 
seasons at the experimental site are presented in Figure 3. 
Except for the month of September, the 1988 growing season was 
dryer than that of 1987. Total rainfall for April through 
September in 1988 was only 47 cm, which is less than the 60 cm 
normally received in the Ames area for that same time period. 
For both growing seasons, most of the rain fell during July 
and August (i.e., 64% of 72 cm in 1987 and 50% of 47 cm in 
1988). 
The maximum air temperatures for the 1988 growing season 
were higher than those for 1987. Figure 4 shows the average 
maximum air temperatures during the 10-day flooding periods 
for the various growth stages in 1987 and 1988. These 
temperatures were 2, 4, and 5 °C higher for 1988 at the early 
vegetative, late vegetative, and yield formation stages, 
respectively. 
Effect of Controlled Flooding on Plant-Growth 
Parameters and Grain Yield 
Average plant heights and dry-matter weights for corn 
grown on control and flooding treatment, and natural drainage 
plots and measured 125 days after planting for both 1987 and 
1988 are given in Table 2. Plant canopy heights for some 
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Figure 4. Average maximum temperatures during flooding at various growth 
stages in 1987 and 1988 
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1987, but no statistical differences in the canopy heights for 
any treatments were observed in 1988. In 1987, the greatest 
reduction in the canopy height due to flooding occurred at the 
early vegetative and flowering stages when the canopy heights 
were significantly lower than those from the control 
treatment. In addition, canopy heights for the early 
vegetative treatment were significantly lower than those for 
the rest of the treatments. 
The statistical analysis of the two-year averages of the 
canopy heights for all treatments showed that canopy heights 
for the control and yield formation treatments were 
significantly greater than those for the early and late 
vegetative treatments, with the greatest reduction for the 
early vegetative stage. 
In 1987, plant canopy height for one of the natural 
drainage plots was lower than those for all the treatments 
except the early vegetative treatment, while for the same 
year, canopy height for the other natural drainage plot was 
greater than the canopy heights for all the treatments except 
the control treatment. In 1988, the canopy heights for the 
natural drainage plots were lower than those for all but early 
and late vegetative treatments (Table 2). The lower canopy 
heights for the corn grown on these plots relative to that 
grown on some other plots may be due to high water-table 
elevations observed on the natural drainage plots either after 
Table S. Effect of excessive soil water on canopy height, 
dry-matter weight, and grain yield of corn 
Treatment Canopy height 
cm 
1987 1988 mean 
Contro1 248al 203a 226a 
Early vegetative 185c 177a 181c 
Late vegetative 235ab 174a 205b 
Flowering 223b 211a 217ab 
Yield formation 238ab 214a 226a 











different at 5% level. 
by different letters (columns) are 
^Averages followed 
different at 5% level. 
by different letters (row) are 
^Excluded from the statistical analysis due to 
different water-table elevations for plots 7 and 11 at a 
given time period. 
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Dry-matter weight Grain yield 
g/plant kg/ha 
1987 1988 mean 1987 1988 mean 
352a 186ab 269a 12184a 9258a 10721a 
199b 77c 138b 4965d 2815c 3890c 
385a 124bc 255a 8264c 4156bc 6210b 
313a 228a 271a 9530b 8605ab 9068a 
312a 199ab 256a 10140b 7324abc 8732a 
312 163b 9017a 6432b 
251 171 211 9121 5187 7154 
241 195 218 7499 6144 6822 
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heavy rains in the later part of the 1987 and 1988 growing 
seasons (see Figure 3), or due to flooding of an adjacent 
isolated field plot. 
The flooding effect on plant dry-matter production was 
statistically significant for some treatments for each of the 
two years. For both years, the greatest reduction in the dry-
matter weights occurred when the corn was flooded at the early 
vegetative stage of growth. The two-year averages of the 
plant dry-matter weights for all treatments were similar 
except for the early vegetative treatment where plant dry-
matter weights were significantly lower than those for the 
rest of the treatments. 
In 1987, dry-matter weights for the natural drainage 
plots were lower than for all but the early vegetative 
treatment (Table 2), while in 1988, the dry-matter weights for 
the natural drainage plots were greater than those for early 
and late vegetative treatments. Dry-matter weight for one of 
the natural drainage plots was also greater than for the 
control treatment (Table 2). As with canopy heights, the 
lower dry-matter weights for the natural drainage plots, at 
least relative to some of the other treatments, may be due to 
the excessively wet soil conditions on these plots as a result 
of high water tables. 
Table 2 also shows that average canopy heights and dry-
matter weights for corn in 1988 were significantly lower than 
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those in 1987. This may be due to variations in weather 
conditions where low rainfall (especially in the early part of 
the 1988 growing season) and higher temperatures during 
flooding at three out of four growth stages in 1988, further 
depressed the growth parameters. 
Flooding, irrespective of the growth stages of the crop, 
reduced grain yield (Table 2); the control treatment had the 
maximum yields for both years. Flooding at the early 
vegetative stage caused the greatest reduction in yield 
followed by flooding at the late vegetative stage. 
Statistically, yield for the control treatment in 1987 was 
significantly greater than for the rest of the treatments, but 
in 1988, yield for the control treatment was only 
significantly greater than for early and late vegetative 
stages. Two-year average yields for all treatments (Table 2) 
also indicate that significantly lower yields resulted from 
flooding at the two vegetative stages of growth as compared to 
flooding at the flowering and yield formation stages, which 
were statistically similar to the yield from control 
treatment. 
Grain yields for the natural drainage plots are also 
given in Table 2. The yield for one of the two natural 
drainage plots was lower than those for all but early 
vegetative treatment in 1987, and early and late vegetative 
treatments in 1988 (Table 2). 
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The grain yield in 1988 was significantly lower than 
1987. This is in line with the more pronounced depression in 
the plant growth parameters (plant-canopy heights and dry-
matter weights) resulting from more dry weather and higher 
temperatures during the flooding at different stages of 
growth. 
Crop Susceptibility (CS) and Normal'ized Crop 
Susceptibility (NCS) Factors 
Table 3 shows the CS and NCS factors determined in this 
study for the various growth stages of corn during the 1987 
and 1988 growing seasons. For comparison, values for those 
factors determined by Evans et al. (1986), over a three-year 
study at North Carolina using field lysimeters, are also 
given. The CS and NCS data for the two-year study in Iowa 
show that corn was statistically more susceptible to flooding 
at the two vegetative stages of development than for the 
flowering and yield formation stages. Further, corn was most 
susceptible to flooding at the early vegetative stage with 
two-year average CS and NCS values of 0.64 and 0.45, 
respectively. The North Carolina data indicate that corn was 
most susceptible to flooding at the late vegetative stage with 
CS and NCS values of 0.65 and 0.45, respectively. It is 
interesting to note that although the two studies do not 
indicate the same stages of growth as being most susceptible 
to flooding, the maximum CS and NCS values determined from 
Table 3. Crop susceptibility (CS) and normalized crop 
susceptibility (NCS) factors for corn subjected 
to controlled flooding at Iowa and North Carolina 
(N.C.) 
Stage of growth CS(Iowal) CSCN.C.^) 









 0. 00a3 0 .00 
Early vegetative 0 .59 0 .69 0. 64c 0 .32 
Late vegetative 0 .32 0 .55 0. 44bc 0 .65 
Flowering 0 .22 0 .07 0. 15a 0 . 36 
Yield formation 0 . 17 0 .21 0. 19ab 0 . 10 
^Average CS and NCS values computed from the yield 
data of isolated field plots. 
^Average CS and NCS values computed from the yield 
data of lysimeters (Evans et al., 1986). 
^Averages in columns followed by different letters are 
different at 5% level. 
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NCS(Iowa) 
1987 1988 mean 
NCS(N.C.) 
0.00 0.00 0.00a 0.00 
0.45 0.45 0.45b 0.22 
0.25 0.36 0.31b 0.45 
0.17 0.05 0.11a 0.25 
0.13 0.14 0.14a 0.07 
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each study were similar. 
Stress-Day Index <SDI) Model 
Figure 5 shows the relationship between the measured 
relative yield (RY) and stress-day index (SDI) for corn grown 
on the experimental site (for 1987 and 1988) and for two 
individual years for corn grown on a nearby undrained area 
(because of dry conditions, corn was not stressed with high 
water tables in the undrained area in 1985). Stress day 
indices for both areas were calculated using CS factors 
determined at the experimental site. A linear regression 
model was fitted to the data (averages of the measured RY and 
SDI for both 1987 and 1988) from the experimental site 
(regression line 2) giving an equation of RY = 100.3 - 0.34 
SDI, which had a coefficient of determination, R^, of 0.99 
(n=5). The data from the undrained area gave the best-fitted 
linear regression equations of RY = 91.9 - 0.14 SDI, with R^ = 
0.86 (regression line 1; n=50), and RY = 80.9 - 0.55 SDI, with 
= 0.60 (regression line 3; n=50), for 1986 and 1984, 
respectively. 
Despite the scatter in the 1984 data (R^ = 0.60; meaning 
that the linear model could describe only 60% of the variation 
in the relative yield), the relationship between measured RY 
and SDI was statistically significant (at 1% level). The 1984 
data show a more rapid decrease in the relative corn yield 







> 1. Undrained (1986) 
Equation R—squared 
1. RY = 91.9 - 0.14 SDI 0.86 
2. RY = 100.3 - 0.34 SDI 0.99 
3. RY = 80.9 ~ 0.55 SDI 0.60 
> 2. Exp. Site 







Figure 5. Relationship between relative yield and stress—day index for corn 
growth at the experimental site (line 2) and the undrained area 
(lines 1 and 3) using CS factors determined from the experimental 
site 
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for a SDI value of only 147 cm-day from the regression 
equation). This may be due to extremely wet conditions 
experienced by several plots in the undrained area in the very 
early growing season of 1984. In fact, only 8 days after 
planting corn, water table levels in some plots were as high 
as 5 cm below the ground surface continuously for 2 to 3 days. 
The best-fitted linear regression line (line 2) for the 
experimental site does not compare well with either of the 
best fitted lines of 1984 or 1986 data from the undrained 
area. This may be due to the fact that at the experimental 
site, the corn was stressed for an equal duration (10-days of 
flooding providing an SEWgg value of 300 cm-days) at each 
stage of development for 1987 and 1988. Whereas, for the two 
years (1984 and 1986) at the nearby undrained area, corn 
experienced the excessive soil moisture stress mostly just 
during the early growing season, but with a timing and 
duration that was not only different between the two years (8 
days after planting for shorter durations in 1984 and mostly 
within 36 days after planting for much longer durations in 




1. Temporary flooding of corn at the early and late 
vegetative stages of development resulted in poor crop growth 
(plant-canopy height and dry-matter production). 
2. Flooding corn, irrespective of the physiological 
stage of development, reduced grain yields, but corn was more 
susceptible to flooding at the early <CS = 0.64 and NCS = 
0.45) and late (CS = 0.44 and NCS = 0.36) vegetative growth 
stages. 
3. The SDI models developed between measured relative 
yields and the stress-day index data for corn grown at the 
experimental site and at a nearby undrained area indicated a 
linear decrease in the relative yields with increasing soil 
wetness (SDIs). 
4. The lack of a good comparison among the best-fitted 
regression lines of the relative yield versus SDI data for the 
experimental site and for a nearby undrained area may be due 
to the differences in timing, duration, and the degree of the 
excess water stress experienced by the two sites for which the 
SDI model is not capable of predicting. 
141 
RECOMMENDATIONS FOR FUTURE WORK 
In this study, a newly devised technique was used to 
sample the soil atmosphere at various depths to determine 
oxygen (Og) concentrations in the soil profile. Testing of 
the atmosphere-access chamber, dual-action syringe assembly, 
and the sample analysis reservoir in the laboratory'and field 
suggested that this new technique was capable of accurately 
determining the Og concentration of the soil atmosphere 
sampled within the access-chamber installed at a given depth. 
But based on these tests it is difficult to ascertain whether 
the Og concentration of the soil atmosphere occupied by the 
access-chamber represents the "true" Og concentration of the 
surrounding soil mass (or within pores) at that depth. 
Therefore, an attempt should be made to determine if Og 
concentrations measured in access-chambers are equal to those 
in the soil pores around them. 
One approach towards achieving this goal could be to 
place one membrane-covered oxygen electrode (similar to that 
designed by Willey and Tanner, 1963) within the soil 
atmosphere-access chamber installed at a certain depth, and 
install another oxygen electrode next to the access-chamber 
(say 2-4 cm away) at the same depth and compare the Og 
concentrations measured directly from the oxygen electrode 
with each other, and with that measured from the soil 
atmosphere sample obtained from the access-chamber. 
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In this study the effects of excessive soil wetness on 
the growth and yield of corn were measured. The other major 
crop grown in the State of Iowa and other parts of the midwest 
is soybeans. A similar study using isolated field plots 
should be conducted to determine the physiological growth 
stage of soybeans most susceptible to flooding. 
The present study concluded that a 10-day flooding of 
corn at flowering and yield formation stages did not 
significantly reduce grain yield as compared to control plots 
where the water table was maintained at the 90-cm depth for 
the entire growing season. A logical next step would be to 
verify this observation for other durations of inundation and 
depths of flooding at these two stages of growth. 
In the present study, the isolated field plots were 
flooded through subirrigation using perforated plastic tile 
installed at about ISO-cm depth below the soil surface. 
Another study is needed to determine whether flooding these 
isolated field plots through surface irrigation or a 
combination of surface and subsurface irrigation (which may be 
more similar to flooding of soil in case of a naturally 
occurring rainfall event) would have different or similar 
effects on soil aeration and crop growth. 
Wenkert et al. (1981) stated that plant nitrogen 
deficiency is "probably the one flooding response that occurs 
with certainty". The specially constructed isolated field 
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plots used in this study could be used to assess the effects 
of different durations of flooding at various crop growth 
stages on denitrification and nitrogen availability to plants. 
The linear regression models fitted to the relative yield 
and the SDI data from the experimental site and the nearby 
undrained area did not agree well; or in other words, 
identical SDIs did not result in similar values of the 
predicted relative yields. Further studies are needed to 
explore the possibility of an improved stress-day index (SDI) 
model that may be used to characterize the drainage 
requirement of a crop grown at different areas, under 




The major objective of this study was to determine the 
effects of excessive moisture conditions (i.e., flooding) on 
soil aeration and growth and yield of corn. A new technique 
for sampling and analyzing soil atmospheres for oxygen (Og) 
was devised and tested. A specially constructed soil 
atmosphere-access chamber and a dual-action syringe sampling 
assembly were used to obtain soil atmosphere samples at 
various depths below the soil surface in both laboratory 
columns and field plots. The Og concentrations of these 
samples were measured using a portable Og meter, an Og probe, 
and a custom-made sample analysis reservoir. 
Laboratory testing of this new technique to determine Og 
concentration at various soil depths suggested that this 
method was fast and free of outside air contamination during 
sampling and analysis of the soil atmosphere. The dual-action 
syringe sampling assembly seemed to be capable of withdrawing 
point samples of soil atmosphere at desired depths. Small 
deviations in the Og concentrations measured from repeated 
sampling of soil atmosphere at various depths in the 
laboratory columns and in a field study suggested that this 
new technique was reliable. Furthermore, the construction of 
the access-chamber and the analytical assembly was easy and 
inexpensive. 
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Twelve experimental plots were established during 1986 
for monitoring soil aeration status and corn growth response 
to controlled flooding. The soil at the experimental site was 
a Nicollet loam, and the site was located on land owned by 
Iowa State University near Ames. Three well known aeration 
indicators; Og concentration, redox potential (Eh), and oxygen 
diffusion rate (ODR) were measured at various depths in the 
soil profile to assess the availability and supply of Og to 
plant roots during artificial flooding and unflooded 
conditions. Soil Og concentrations using the new sampling 
technique, and Ehs and ODRs using the platinum microelectrode 
method, were determined at 15-, 30-, and 60-cm depths below 
the soil surface of all the experimental plots during flooded 
and unflooded conditions during the 1987 growing season. In 
addition, a neutron moisture gage was used to determine 
moisture contents corresponding to soil aeration measurements 
in each plot, where the saturation value was assumed during 
flooding. These moisture contents were used to determine air-
filled pore spaces in the soil profile. 
Two of the twelve experimental plots drained naturally, 
but the other ten plots were specially constructed to allow 
control of water-table elevations and creation of flooding 
above the soil surface, and were "isolated" from their 
surroundings (completely enclosed by a plastic barrier along 
the perimeter) to minimize any lateral seepage during 
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flooding. These isolated field plots were assigned to 
flooding (10-day flooding at a given stage of corn growth, 
with the water table maintained at 90 cm when not being 
flooded) and control (water table maintained at 90 cm 
throughout the growing season) treatments. Corn grain yields 
from these plots were used to calculate crop susceptibility 
(CS) and normalized crop susceptibility (NCS) factors for corn 
grown during 1987 and 1988. 
Stress-day indices (GDIs) for corn grown on the 
experimental site (for 1987 and 1988), and for two individual 
years (1984 and 1986) for corn grown on a nearby undrained 
area were calculated using CS factors determined at the 
experimental site and water-table elevations measured at the 
two sites. 
During flooding, it was found that Qg concentrations, 
Ehs, and ODRs dropped below "critical" levels of the 50% 
(saturated, Og), 350 mV, and 20 X 10~® g cm"2 min~^, 
respectively, at all the sampling depths of the isolated field 
plots. Increased moisture contents at the soil surface due to 
naturally occurring rainfalls decreased the soil Og 
concentrations and ODRs at all the sampling depths even when 
the water tables of the isolated field plots were maintained 
at 90 cm. A decrease in the three indicators of soil aeration 
was also observed on plots with natural drainage when high 
water tables in these plots resulted due to heavy rains or 
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flooding of an adjacent isolated field plot. 
Soil Qg concentrations and ODRs at all the sampling 
depths dropped drastically (from well above to well below 
their "critical" values) within 19 h ; the time taken to flood 
an isolated field plot through subirrigation, indicating 
restricted supply of Og to plant roots. Several hours after 
beginning drainage of a flooded plot, the Qg concentrations 
and Ehs at all the sampling depths increased substantially, 
but the small increase in the corresponding ODRs suggested 
that many aii—filled soil pores were still discontinuous or 
blocked by water films. 
The relationships between the three soil aeration 
indicators and aii—filled pore spaces at each of the sampling 
depths were observed by plotting pooled data from all the 
isolated field plots for 02 concentrations, Ehs, and ODRs 
against their corresponding air-filled pore spaces. 
Generally, an air-filled pore space of 8 to 10% was sufficient 
for these three indicators to exhibit values well above 
"critical" levels in the soil profile for good plant growth. 
Treatments involving temporary flooding of corn at the 
early vegetative stage resulted in significantly lower plant-
canopy height and dry-matter production than those for the 
rest of the treatments. Generally, corn growth parameters 
(plant-canopy height and dry-matter weight) were lower when 
corn experienced flooding at the two vegetative (early and 
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late) stages of growth. Flooding corn at all growth stages 
reduced grain yields, while the highest yields were obtained 
from the control plots in which water tables were at 90-cm 
below the soil surface for the entire growing season. The 
yields from plots with natural drainage were also less than 
those for the control plots. 
Average canopy height, dry-matter weight, and grain yield 
for corn in 1988 were significantly lower than in 1987. This 
may be due to additional stress from low rainfall in the early 
part of 1988 growing season and higher temperatures during 
flooding at three out of four growth stages in 1988. 
Although grain yields for the flowering and yield 
formation stages of growth were less than the control plots, 
the differences were not statistically significant. This 
suggested that corn may be more adaptable to adverse 
conditions of poor soil aeration at these two stages of growth 
because during flooding at these two stages of growth also 
resulted in the three aeration indicators being below their 
"critical levels." 
The average CS and NCS factors determined from the grain 
yield data showed that corn was more susceptible to flooding 
at the early (CS = 0.64 and NCS = 0.45), and late (CS = 0.44 
and NCS = 0.36) vegetative growth stages. 
The relationship between the measured relative yield and 
SDI for corn grown on the experimental site and a nearby 
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undrained area indicated a linear decrease in the relative 
yield with an increase in SDI (soil wetness). But there was 
not a good agreement among the best-fitted linear regression 
lines of the relative yield versus SDI data for the 
experimental site and for the nearby undrained area. 
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APPENDIX A; 
COUNT RATIOS AND CORRESPONDING MOISTURE CONTENTS 




( C R )  
0 . 4 6 6  
0 . 4 6 9  
0 . 4 7 7  
0 . 4 8 5  
0 . 4 8 6  
0 .  4 8 7  
0 . 4 9 0  
0 .  4 9 1  
0 . 4 9 2  
0 . 4 9 3  
0 . 4 9 5  
0 . 4 9 7  
0 . 5 0 1  
0 .  5 0 9  
0 . 5 1 3  
0 . 5 1 7  
0 . 5 2 1  
0 . 5 2 3  
0 . 5 2 5  
0 . 5 2 7  
0 .  5 2 8  
0 . 5 3 2  
0 . 5 3 4  
0 . 5 4 4  
0 . 5 5 5  
0 . 5 5 9  
0 . 5 5 9  
0 . 5 6 1  
0 . 5 6 4  
0 . 5 7 2  
0 .  5 7 3  
0 . 5 7 5  
0 . 5 7 7  
0 . 5 8 0  
0 . 5 8 2  
0 . 5 8 5  
0 . 5 8 9  
0 . 5 9 7  
0 . 5 9 9  
Moisture 
content 
( M C ,  %  V o l )  
1 8 . 4 9  
2 0 . 5 0  
2 2 . 3 3  
2 2 . 7 2  
2 2 . 8 0  
1 6 . 0 3  
2 1 . 9 4  
2 2 . 6 0  
2 2 . 9 1  
1 7 . 5 2  
2 5 . 9 2  
1 7 . 5 2  
2 3 . 2 9  
1 8 . 7 4  
2 2 . 3 1  
2 2 . 3 8  
2 4 . 4 1  
1 9 . 4 6  
2 0 . 4 5  
2 4 . 2 6  
2 5 . 0 4  
1 9 .  3 6  
2 3 . 5 9  
2 4 . 9 8  
2 5 . 5 6  
2 4 . 0 0  
2 5 . 6 1  
2 6 . 9 5  
2 0 . 3 8  
2 4 . 6 6  
2 2 . 0 3  
2 8 . 9 4  
2 7 . 6 3  
26.11 
2 3 . 9 5  
2 7 . 3 6  
2 7 . 8 9  
2 4 . 0 1  
2 2 . 4 6  
Count 
ratio 
( C R )  
0 . 6 2 5  
0 . 6 2 6  
0 . 6 3 1  
0 . 6 3 1  
0 . 6 3 3  
0 . 6 3 4  
0 . 6 3 9  
0 . 6 4 3  
0 . 6 4 6  
0 . 6 5 3  
0 . 6 5 4  
0 . 6 5 5  
0 . 6 6 7  
0 . 6 6 9  
0 . 6 6 9  
0 . 6 7 1  
0 . 6 7 3  
0 . 6 7 3  
0 . 6 7 4  
0 . 6 7 5  
0 . 6 7 5  
0 . 6 7 5  
0 . 6 7 8  
0 . 6 7 8  
0 . 6 7 9  
0 . 6 8 2  
0  .  6 8 2  
0 . 6 8 4  
0 . 6 8 5  
0 . 6 8 7  
0 . 6 8 7  
0 . 6 9 0  
0 . 6 9 0  
0 . 6 9 1  
0 . 6 9 1  
0 . 6 9 1  
0 . 6 9 2  
0 . 6 9 3  
0 . 6 9 4  
Moisture 
content 
( M C ,  %  V o l )  
2 6 .  6 4  
2 7 . 5 1  
2 4 . 1 9  
2 8 . 8 7  
2 9 . 6 1  
2 9 . 3 4  
3 1 . 6 0  
3 1 . 9 7  
3 0 . 1 0  
3 3 . 2 4  
2 9 . 3 5  
2 7 . 7 7  
2 9 . 6 5  
2 8 . 7 7  
4 0 . 8 0  
3 3 . 8 0  
3 1 . 3 4  
3 0 . 8 2  
2 9 . 0 9  
2 7 . 2 5  
2 9 . 4 5  
2 6 . 2 8  
3 4 . 5 3  
2 9 . 3 3  
3 4 . 8 4  
2 5 . 9 6  
3 2 . 0 2  
3 1 . 1 3  
3 3 . 7 1  
4 0 . 8 9  
2 8  .  3 6  
3 3 . 2 1  
3 6 . 4 9  
3 4 . 5 8  
3 5 . 5 0  
3 6 . 5 3  
3 6 . 6 3  
3 6 . 6 0  
3 0 .  7 3  
Count 
ratio 
( C R )  
0 . 7 1 7  
0 . 7 2 0  
0 . 7 2 3  
0 . 7 2 7  
0 . 7 2 7  
0 .  7 2 8  
0 . 7 2 9  
0 . 7 3 0  
0 . 7 3 1  
0 . 7 3 2  
0 . 7 3 2  
0 . 7 3 5  
0 . 7 3 5  
0 .  7 3 5  
0 . 7 3 6  
0 . 7 3 7  
0 . 7 4 2  
0 . 7 4 4  
0 . 7 4 6  
0 . 7 4 7  
0 . 7 4 9  
0 . 7 5 0  
0 . 7 5 3  
0 . 7 5 6  
0 . 7 5 6  
0 . 7 5 9  
0 . 7 6 0  
0 . 7 6 0  
0 . 7 6 2  
0 . 7 6 7  
0 . 7 7 0  
0 . 7 7 1  
0 . 7 7 2  
0 . 7 7 7  
0 . 7 8 1  
0 . 7 8 2  
0 . 7 8 9  
0 . 7 9 6  
0 .  7 9 7  
Moisture 
content 
( M C ,  %  V o l )  
3 7 . 0 0  
3 4 . 9 7  
3 3 . 5 8  
3 1 .  6 7  
2 6 . 3 0  
3 0 . 1 1  
2 7 . 5 4  
4 0 . 9 5  
2 9 . 7 0  
3 3 . 4 9  
3 2 . 6 2  
3 7 . 5 2  
3 8 . 3 9  
3 3 .  9 9  
3 3  .  2 2  
3 5 . 3 9  
3 1 . 9 3  
3 4 . 5 5  
3 2 . 8 9  
4 0 .  5 0  
3 8 . 9 0  
3 3 . 4 7  
3 2 . 8 1  
3 8  .  6 5  
3 5 . 4 5  
4 2  .  3 2  
3 9  .  6 1  
4 6 . 6 8  
4 6 .  8 4  
4 5  .  8 5  
4 4 .  1 2  
3 6 . 3 7  
4 5 . 0 1  
4 1 . 0 3  
3 4 . 9 8  
3 3 . 0 8  
4 2  .  8 2  
3 4 .  5 3  
4 4 .  1 2  
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0 .  6 0 5  
0 .  6 1 0  
0 .  6 1 0  
0 .  6 1 2  
0 . 6 1 3  
0 .  6 1 8  
0 . 6 2 0  
0 . 6 2 0  
0 . 6 2 1  
0 . 6 2 2  
0 . 6 2 2  
0 . 6 2 2  
0 . 6 2 3  
2 4 . 0 7  
2 9 . 8 6  
2 7 . 1 1  
2 7 . 8 2  
3 0 . 9 9  
3 4 . 5 7  
3 1 . 2 4  
2 4 . 0 8  
2 9 . 4 8  
2 8 . 6 1  
2 8 . 0 8  
3 3 . 4 9  
2 5 . 5 6  
0 . 6 9 5  
0 . 6 9 8  
0 . 7 0 2  
0 . 7 0 2  
0 . 7 0 3  
0 . 7 0 8  
0 . 7 0 9  
0 . 7 1 1  
0 . 7 1 2  
0 . 7 1 3  
0 . 7 1 3  
0 . 7 1 4  
0 . 7 1 7  
3 4 . 7 3  
3 0 . 5 8  
3 5 . 0 9  
3 9 . 2 0  
3 0 . 9 4  
3 2 . 3 6  
2 6 . 7 7  
2 7 . 3 1  
2 4 . 5 3  
2 6 . 9 3  
3 2 . 7 2  
3 1 . 4 3  
2 6 . 3 9  
0 . 8 0 0  
0 . 8 0 2  
0 . 8 0 2  
0 . 8 0 7  
0 . 8 1 3  
0 . 8 1 6  
0 . 8 2 4  
0 . 8 2 7  
0 . 8 3 0  
0 . 8 4 9  
0 . 8 6 3  
0 . 8 7 2  
3 6 . 2 4  
36.86 
3 3 . 6 6  
4 6 . 4 8  
3 2 . 2 2  
3 4 . 2 8  
4 6  .  4 4  
4 4 . 8 7  
3 7 . 6 7  
3 2 . 7 1  
3 7 . 4 0  
3 4 . 6 4  
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A P P E N D I X  B :  
S O I L  A E R A T I O N  D A T A  A N D  P L O T S  F O R  T H E  1 9 8 7  G R O W I N G  S E A S O N  
168 
Oxygen concentrations for plot #1 
Days Soil depth 
since 15 30 60 
June 1 cm 
3 9 9 .  5 0  9 6 . 6 0  9 8 . 0 0  
5 9 5 .  2 0  9 1 . 8 0  9 3 . 1 0  
9  9 4 . 1 0  9 1 . 3 0  9 1 . 4 0  
1 1  9 9 . 8 0  9 6 . 8 0  9 5 . 1 0  
1 5  9 5 .  4 0  9 2 . 8 0  9 1 . 6 0  
1 7  9 9 . 8 0  9 5 . 9 0  9 3  .  8 0  
1 9  9 9 . 3 0  9 6 . 5 0  9 6 . 0 0  
2 2  9 9 . 0 0  9 6 . 5 0  3 7  .  5 0  
2 4  9 8  .  0 0  9 5 . 5 0  9 0 . 1 0  
2 6  9 2 . 1 0  8 7 . 6 0  8 6 . 8 0  
2 9  9 7 . 0 3  9 2 . 1 0  8 8 , 9 0  
3 1  9 7  .  0 0  4 1 . 0 2  5 1 . 8 6  
3 3  1 4 . 9 7  2 0 . 4 7  1 5 . 3 7  
3 4  1 0 . 0 7  1 5 . 8 1  7  .  7 4  
3 6  2 .  5 5  6 . 4 4  3 . 8 3  
3 8  3 . 9 0  3 . 7 3  2 . 4 6  
4 0  1 . 2 2  6 . 1 0  2 . 4 4  
4 1  5 6 . 5 0  4 . 9 3  4 1 . 5 1  
4 2  5 8  .  9 0  4 5 . 1 0  5 2 . 7 0  
4 3  6 7  .  3 0  5 0 . 6 0  5 6 . 6 0  
4 5  8 9 . 7 0  7 4 . 9 0  7 7 . 8 0  
4 7  9 4 . 6 0  8 1 . 7 0  8 2 . 7 0  
5 0  9 5 . 8 0  8 8  . 1 0  8 8 . 4 0  
5 2  9 7  .  3 0  9 0 . 1 0  8 8  .  6 0  
5 4  9 7 . 3 0  9 2 . 6 0  8 9 . 1 0  
5 7  9 9 . 5 0  9 5 . 6 0  9 1 . 4 0  
5 9  9 8 . 5 0  9 5 . 8 0  9 2 . 1 0  
71. 9 4 . 8 0  8 8 . 7 0  8 4 . 8 0  
7 3  9 7 . 5 0  9 2 . 6 0  9 1 . 1 0  
7 5  9 2 . 0 0  8 5 .  1 0  8 1 . 2 0  
7 8  9 4 .  3 0  8 7 . 1 0  8 3  .  7 0  
8 0  9 3 . 1 0  8 5 . 6 0  7 8 . 7 0  
8 2  9 6 . 0 0  8 9 . 1 0  8 5 . 1 0  
8 9  9 5 . 3 0  8 9 . 6 0  8 5 . 8 0  
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Oxygen concentrations for plot #2 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 9 . 8 0  9 7 .  5 0  9 5 . 5 0  
5  9 4 . 5 0  9 2 . 2 0  9 0 .  8 0  
9  .93. 50 91*. 00 9 1 . 3 0  
1 1  9 9 . 5 0  9 6 . 3 0  9 5 . 3 0  
1 2  9 2 . 3 0  9 2 . 3 0  9 1 .  3 0  
1 3  9 3 . 6 0  4 7 . 1 6  5 7 . 1 2  
1 4  1 7 . 9 2  1 6 .  5 2  1 4 . 0 3  
1 5  4 7 . 3 2  1 5 .  9 5  1 2 . 8 5  
1 7  1 1 . 6 2  1 4 . 2 1  1 1 . 3 8  
1 9  5 . 4 4  1 1 . 4 9  1 0 . 1 8  
2 2  1 3 . 0 5  1 1 . 7 9  1 1 . 6 1  
2 4  6 8 . 0 0  5 0 . 9 0  9 . 6 5  
2 5  6 5 . 5 0  4 6 . 5 0  5 5 . 9 0  
2 6  7 5 . 7 0  5 3 . 4 0  5 6 . 3 0  
2 9  9 3 . 8 0  7 9 . 2 0  7 8  .  4 0  
3 1  9 7 . 0 1  8 7  . 1 3  8 3  .  5 0  
3 6  9 7  .  3 0  9 3 . 0 0  9 0 . 8 0  
3 8  9 1 . 8 0  8 6 . 1 0  8 3 .  8 0  
4 3  8 4 . 1 0  6 3 . 4 0  6 1 . 9 0  
4 5  9 0 . 6 0  7 4 , 3 0  7 2 . 1 0  
4 7  9 4 . 6 0  8 3  .  2 0  7 1 . 2 0  
5 0  9 6 . 0 4  8 8  . 1 0  8 4 .  2 0  
5 2  9 6 . 0 0  9 0 . 6 0  8 6 . 6 0  
5 4  9 7 . 5 0  9 2 .  6 0  8 8  .  6 0  
5 7  9 9 . 5 0  9 4 . 1 0  9 0 . 9 0  
5 9  9 8 . 0 0  9 4 . 1 0  9 2 . 5 0  
7 1  9 0 . 3 0  7 9 . 6 0  7 8 . 0 0  
7 3  9 5 . 0 0  8 5 . 1 0  8 1 . 2 0  
7 5  8 6 . 1 0  7 2 . 3 0  7 0 . 8 0  
7 8  9 0 . 1 0  7 3  .  8 0  7 1 . 3 0  
8 0  8 9 . 3 0  7 3 . 3 0  7 2 . 8 0  
8 2  9 1 . 6 0  8 0 . 7 0  3 0 . 0 0  
8 9  9 1 . 9 0  8 4 . 0 0  8 4 . 9 0  
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Oxygen concentrations for plot #3 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 7 . 6 0  9 1 .  6 0  8 6 . 2 0  
5  9 5 . 6 0  8 9 . 7 0  8 5 . 1 0  
9  9 3 . 5 0  9 0 . 8 0  8 5 .  6 0  
1 1  9 8 .  8 0  9 5 .  8 0  8 8  . 1 0  
1 5  9 5 . 1 0  9 6 . 0 0  8 5 . 2 0  
1 7  9 7 . 0 0  9 3 . 6 0  8 7 . 4 0  
1 9  9 6 . 8 0  9 2 . 3 0  8 7 . 6 0  
2 2  9 6 . 0 0  9 3 . 1 0  8 9 . 3 0  
2 4  9 5 . 5 0  9 2 . 1 0  8 7 . 6 0  
2 6  9 1 . 8 0  8 5 .  6 0  8 0 .  2 0  
2 9  9 3 . 5 0  8 8 . 1 0  8 3 . 2 0  
3 1  9 7 . 3 0  9 1 . 6 0  8 6 .  2 0  
3 6  9 7 . 8 0  9 3 . 6 0  9 0 . 1 0  
3 8  8 9 . 3 0  8 3 . 7 0  8 0 . 7 0  
4 3  8 1 . 2 0  7 1 . 3 0  6 2 . 2 0  
4 5  9 1 . 4 0  8 0 . 2 0  6 9 .  8 0  
4 7  9 6 . 0 0  8 6 . 1 0  7 6 . 7 0  
5 0  9 6 . 3 0  8 9 . 1 0  8 2 . 7 0  
5 2  9 7 . 3 0  9 2 . 1 0  8 7  . 1 0  
5 4  9 7 . 5 0  9 3 . 8 0  8 9  .  6 0  
5 7  9 9 . 8 0  9 5 . 5 0  9 1 . 1 0  
5 9  9 9 . 3 0  9 4 . 3 0  9 0 . 8 0  
7 1  9 2 . 9 0  8 5 . 5 0  7 8 . 9 0  
7 3  9 7 . 0 0  9 0 . 1 0  8 4 . 2 0  
7 5  8 9 . 6 0  8 0 . 7 0  7 3 . 8 0  
7 8  9 2 .  3 0  8 0 . 4 0  7 3  . 1 0  
7 9  5 7 . 5 4  4 4 . 3 2  2 9 . 6 1  
8 0  2 0 . 8 3  1 7 . 2 5  1 7 . 5 5  
8 1  1 6 . 6 0  1 1 . 8 1  1 3 . 2 9  
8 2  1 0 . 9 2  1 0 . 8 2  1 0 . 9 2  
8 5  1 1 . 4 4  1 0 . 4 9  1 2 . 6 5  
8 9  1 2 . 6 5  1 0 . 5 6  1 2  .  7 0  
9 0  8 0 .  2 0  2 4 . 2 7  1 1 . 1 7  
9 1  8 2 . 3 0  6 4 . 9 0  4 8  .  5 0  
9 2  9 0 . 8 0  7 8 . 5 0  6 9 . 0 0  
9 4  9 5 . 0 0  8 3 . 0 0  7 3  .  7 0  
9 6  9 6 . 3 0  8 8 . 1 0  8 0  .  3 0  
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Oxygen concentrations for plot #4 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 7 . 0 0  9 6 . 6 0  9 0 . 1 0  
5  9 5 . 5 0  9 3 . 7 0  9 1 . 3 0  
9  9 2 . 3 0  9 0 . 8 0  8 1 .  2 0  
1 1  9 7 . 0 0  9 6 . 0 0  8 7 . 4 0  
1 2  9 1 . 0 0  9 4 . 8 0  3 9 . 2 7  
1 3  4 1 . 3 5  2 8 . 1 7  2 1 . 2 9  
1 4  1 1 . 7 1  1 4 . 0 9  1 5 . 2 5  
1 5  1 3 . 7 0  1 1 . 9 8  1 3 . 0 8  
1 7  5 2 . 9 0  1 7 . 1 2  1 5 . 4 8  
1 9  1 1 . 7 1  1 0 . 2 6  1 1 . 4 4  
2 2  1 3 . 6 5  1 3 . 2 6  1 1 . 5 4  
2 3  1 2 . 4 0  1 2 . 3 2  3 0 . 1 3  
2 4  7 5 . 4 0  7 0 . 6 0  3 4 . 9 1  
2 5  8 0 . 8 0  7 7 . 6 0  1 6 .  8 2  
2 6  9 1 . 1 0  8 7 . 9 0  2 3 . 1 3  
2 9  9 0 . 5 0  8 5 . 6 0  6 9 . 3 0  
3 1  9 4 . 5 0  9 1 . 1 0  7 0 . 3 0  
3 6  9 4 . 1 0  9 1 . 8 0  7 9 . 7 0  
3 8  9 2 . 1 0  8 8 . 8 0  2 2 . 9 0  
4 3  8 8 . 8 0  8 4 . 2 0  2 1 . 8 0  
4 5  9 3 . 3 0  8 9 . 9 0  7 9 . 7 0  
4 7  9 4 . 6 0  9 1 . 4 0  8 1 . 2 0  
5 0  9 3 . 6 0  9 0 . 6 0  7 7 .  7 0  
5 2  9 5 . 0 0  9 1 . 6 0  7 4 . 8 0  
5 4  9 6 . 5 0  9 3 . 0 0  7 8  .  7 0  
5 7  9 4 . 3 0  9 1 . 1 0  7 4 . 8 0  
5 9  9 5 . 7 0  9 1 . 6 0  7 6 . 7 0  
7 1  8 7 . 1 0  8 3  .  3 0  7 1 . 1 0  
7 3  9 5 . 3 0  9 1 . 3 0  7 7  .  2 0  
7 5  5 6 . 4 0  5 1 . 5 0  1 5 . 8 0  
7 8  8 6 . 6 0  8 2 . 0 0  6 3 . 9 0  
8 0  7 2 . 1 0  6 8 . 3 0  1 8  .  8 0  
8 2  8 4 . 7 0  8 1 . 2 0  6 2 . 9 0  
8 9  8 4 . 9 0  8 1 . 7 0  1 5 . 8 0  
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Oxygen concentrations for plot #5 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 8  . 0 0  9 3 . 6 0  8 5 . 2 0  
5  9 4 . 3 0  8 9 . 8 0  8 1 . 1 0  
9  9 4 . 8 0  9 0 . 6 0  8 2 . 0 0  
1 1  9 8 , 5 0  9 4 . 6 0  8 4 . 7 0  
1 5  9 6 . 2 0  9 3 . 3 0  8 4 . 7 0  
,17 9 6 . 8 0  9 4 . 1 0  8 7  . 1 0  
1 9  9 7 . 5 0  9 4 .  6 0  8 7 . 6 0  
2 2  9 7 . 0 0  9 4 . 6 0  8 6 . 8 0  
24- 9 7 . 8 0  9 3 . 1 0  8 2 . 9 0  
2 6  9 2 . 5 0  8 5 . 4 0  7 1 . 0 0  
2 9  9 4 .  5 0  8 6 . 4 0  7 5 . 2 0  
3 1  9 6 . 3 0  8 8  .  3 0  7 9 . 4 0  
3 6  9 4 . 3 0  8 9 . 3 0  8 6 . 4 0  
3 8  9 1 . 3 0  8 2 . 9 0  7 7 . 9 0  
4 3  8 4 . 2 0  7 6 . 2 0  5 9 . 9 0  
4 5  9 2 . 6 0  8 1 . 2 0  6 6 . 8 0  
4 7  9 7 . 0 3  8 7 . 8 0  7 8 . 2 0  
5 0  9 7  . 0 0  9 1 . 1 0  8 3 .  2 0  
5 2  9 7 . 5 0  9 1 . 9 0  8 8 . 1 0  
5 4  9 8 .  3 0  9 4 . 1 0  9 1 .  6 0  
5 7  9 7 . 8 0  9 3 . 8 0  8 8  .  6 0  
5 9  9 7 . 5 0  9 5 . 5 0  9 3  .  3 0  
7 1  9 5 . 8 0  9 7 . 3 0  8 1 . 1 0  
7 3  9 7 . 5 0  8 8 . 8 0  8 2 .  2 0  
7 5  9 1 . 0 0  7 9 . 7 0  6 9 . 3 0  
7 8  9 4 . 1 0  7 9 . 7 0  6 6 . 0 0  
7 9  5 8 . 1 2  4 2 . 0 9  3 9 . 9 3  
8 0  9 5 . 7 0  1 8 . 3 2  1 5 . 1 1  
8 1  2 7 . 9 4  1 1 . 6 7  1 1 . 6 7  
8 2  1 9 . 6 4  1 1 . 1 0  9 . 8 1  
8 5  9 8 . 0 0  9 5 . 5 0  1 0 .  5 9  
8 9  9 5 . 0 5  1 3 . 8 2  1 7 . 0 7  
9 0  9 4 . 1 0  8 3 . 2 0  8 7  . 1 0  
9 1  9 0 . 8 0  7 0 . 0 0  4 7 . 0 0  
9 2  9 3  .  6 0  7 8 . 9 0  6 3  .  4 0  
9 4  9 7 . 0 0  8 4 . 4 0  7 1 . 1 0  
9 6  9 7 . 0 0  8 6 . 8 0  7 5 . 2 0  
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Oxygen concentrations for plot #6 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 6 . 8 0  8 9 . 9 0  7 7 . 9 0  
5  9 5 . 0 0  8 7 . 8 0  7 6 . 6 0  
9  9 4 . 3 0  8 6 . 8 0  8 1 . 8 0  
1 1  9 8 . 0 0  9 1 . 1 0  8 5 . 6 0  
1 5  9 6 . 5 0  9 1 .  6 0  8 8  .  9 0  
1 7  9 5 . 8 0  9 1 . 8 0  8 9 . 3 0  
1 9  9 7 . 0 0  9 2 . 1 0  8 9 .  2 0  
2 2  9 5 . 5 0  9 2 .  5 0  8 9 . 8 0  
2 4  9 6 . 5 0  9 3 . 3 0  9 0 . 3 0  
2 6  9 2 . 5 0  8 5 . 7 0  8 1 .  6 0  
2 9  9 2 . 8 0  8 8 . 8 0  8 5 . 6 0  
3 1  9 7  .  5 0  9 2 .  6 0  8 9 . 6 0  
3 6  9 6 .  3 0  9 3 . 0 0  9 0 . 0 0  
3 8  9 1 . 6 0  8 6 . 8 0  8 2 . 9 0  
4 3  8 0 . 9 1  6 3 . 4 0  5 9 . 4 0  
4 5  9 4 . 8 0  8 0 . 2 0  7 2 . 1 0  
4 7  9 7 . 3 0  8 8 . 6 0  8 1 . 7 0  
5 0  9 8 . 0 0  9 1 . 1 0  8 5 . 1 0  
5 1  9 6 . 0 0  9 0 . 6 0  8 6 . 9 0  
5 2  9 7  .  8 0  3 3 .  5 0  1 1 . 4 3  
5 3  1 5 . 5 3  7 . 7 1  5 . 0 1  
5 4  2 . 5 2  8 . 8 2  8  .  6 2  
5 7  1 8 . 3 7  1 . 2 9  2  .  5 2  
5 9  1 2 . 5 5  1 3 . 7 8  1 3 . 0 0  
6 5  2 7  .  6 0  1 1 . 1 0  1 1 . 5 2  
6 6  7 7 . 0 0  3 3 . 8 0  3 1 . 1 0  
6 8  9 2 . 4 0  6 7 . 0 0  5 2 .  5 0  
7 1  8 9 . 2 0  6 5 . 4 0  5 4 . 8 0  
7 3  9 5 . 5 0  7 7 . 7 0  6 7  .  2 0  
7 5  8 1 . 7 0  5 9 . 9 0  5 7 . 9 0  
7 8  8 6 . 1 0  6 5 . 8 0  5 8 . 3 0  
8 0  8 5 . 6 0  6 6 . 8 0  6 1 . 4 0  
8 2  8 9 . 1 0  7 2 . 8 0  6 5 . 8 0  
8 9  9 1 . 1 0  7 6 . 7 0  7 3  .  3 0  
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Oxygen concentrations for plot #7 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 9 . 5 0  9 4 . 6 0  7 8 . 9 0  
5  9 5 .  5 0  9 0 . 9 0  7 0 . 0 0  
9  9 4 . 6 0  8 9 . 6 0  7 2 . 9 0  
1 1  9 7 . 0 3  9 7 . 5 0  7 2 . 1 0  
1 5  9 4 . 2 0  9 0 . 6 0  7 1 . 3 0  
1 7  9 6 . 0 0  9 0 . 1 0  7 0 . 0 0  
1 9  9 5 . 8 0  8 9 . 3 0  6 5 . 8 0  
2 2  9 4 . 6 0  8 9 . 1 0  6 4 . 4 0  
2k 9 5 . 0 0  8 9 . 8 0  6 0 . 9 0  
2 6  8 6 . 3 0  7 8 . 7 0  5 3  .  6 0  
2 9  8 2 . 9 0  7 2 . 0 0  5 3  .  6 0  
3 1  9 4 . 0 3  8 3 . 9 0  5 6 . 4 3  
3 6  9 4 . 0 0  8 6 . 3 0  7 2 . 3 0  
3 8  7 8 . 6 0  6 6 . 5 0  5 8  . 1 0  
4 3  7 2 . 5 0  6 2 . 9 0  4 5 . 5 0  
4 5  8 8 .  7 0  7 8 . 2 0  4 8 . 9 0  
til 9 3 . 8 0  8 2 . 7 0  5 2 . 5 0  
5 0  9 4 . 6 0  8 6 . 1 0  6 1 . 1 0  
5 2  9 6 .  5 0  8 7  .  9 0  6 7  .  8 0  
5 4  9 7 . 0 0  9 0 . 9 0  7 7  . 0 0  
5 7  9 7 . 5 0  9 0 . 9 0  7 8 . 5 0  
5 9  9 8 . 0 0  9 2 . 1 0  8 1 . 7 0  
7 1  8 8 .  9 0  8 6 . 1 0  7 5 . 8 0  
7 3  9 5 . 0 0  8 7  .  6 0  7 3 . 8 0  
7 5  7 6 . 2 0  6 9 . 3 0  6 0 . 9 0  
7 8  8 7  . 1 0  7 7 . 7 0  5 9 .  3 0  
8 0  8 2 .  8 0  8 3 . 7 0  1 9 . 9 0  
8 2  8 9 . 1 0  8 5 . 6 0  1 3  .  8 0  
8 9  8 8 . 4 0  8 9 . 1 0  1 3 . 6 0  
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Oxygen concentrations for plot #8 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 8 . 3 0  9 1 . 9 0  .  6 9 . 3 0  
5  9 5 . 4 0  8 6 . 6 0  6 1 . 9 0  
9  9 4 . 0 0  8 6 . 4 0  7 2 . 8 0  
1 1  9 7 . 8 0  9 0 . 3 0  6 9 . 6 0  
1 5  9 5 . 5 0  8 6 . 1 0  6 8  .  3 0  
1 7  9 6 . 0 0  8 9 . 3 0  7 5 .  2 0  
1 9  9 5 . 0 0  8 8 . 1 0  7 7 . 0 0  
2 2  9 6 . 8 0  8 9 . 6 0  8 0 . 2 0  
2 4  9 5 . 0 0  8 7 . 1 0  7 9 . 2 0  
2 6  8 9 . 8 0  7 8 . 1 0  6 6 . 0 0  
2 9  9 3 . 5 0  8 1 . 9 0  7 5 . 1 0  
3 1  9 4 , 0 0  9 4 . 8 0  7 3 . 4 0  
3 6  9 5 . 8 0  8 8 . 8 0  8 0 .  2 0  
3 8  8 7 . 3 0  7 3 . 0 0  6 4 . 4 0  
4 3  7 4 . 3 0  5 1 . 0 0  2 4 . 8 0  
4 5  8 7 . 6 0  7 1 . 9 0  4 9 . 5 0  
4 7  9 5 . 1 0  7 7 . 2 0  4 9 . 9 0  
5 0  9 5 . 3 0  8 2 .  2 0  6 5 . 3 0  
5 2  9 6 . 9 0  8 6 . 6 0  7 4 . 9 0  
5 4  9 7  .  5 0  9 0 . 4 0  8 2 . 0 0  
5 7  9 7 . 5 0  9 2 .  6 0  8 4 . 4 0  
5 9  9 7 . 8 0  9 2 . 1 0  8 5 . 9 0  
7 1  9 3 . 1 0  7 9 . 4 0  6 6  .  5 0  
7 3  9 6 . 8 0  8 3 . 7 0  7 0 . 3 0  
7 5  8 7 . 1 0  6 6 .  8 0  5 3  .  5 0  
7 8  9 0 . 4 0  7 2 . 8 0  5 5 . 3 0  
8 0  8 8 . 3 0  6 9 . 0 0  5 2 . 5 0  
8 2  9 0 . 8 0  7 0 . 8 0  5 1 . 4 0  
8 9  8 9 . 9 0  7 1 . 1 0  5 4 .  5 0  
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Oxygen concentrations for plot #9 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 9 . 0 0  9 4 . 8 0  9 3 . 1 0  
5  9 8  . 0 0  9 3 . 0 0  9 0  .  8 0  
9  9 4 . 8 0  9 0 . 1 0  8 6 .  6 0  
1 1  9 7 . 8 0  9 3 . 3 0  8 9 . 9 0  
1 5  9 3 . 8 0  9 1 . 3 0  8 3 . 2 0  
1 7  9 7 . 0 0  9 3 . 6 0  8 4 . 4 0  
1 9  9 7 . 0 0  9 3 . 6 0  8 4 . 4 0  
2 2  9 7 . 8 0  9 5 . 0 0  8 6 . 1 0  
2 4  9 5 .  8 0  9 2 . 6 0  8 5 . 7 0  
2 6  8 8 . 3 0  7 6 . 0 0  6 6 . 5 0  
2 9  9 5 . 8 0  8 8 . 6 0  8 0 . 7 0  
3 1  9 5 . 3 0  9 0 . 5 0  8 3  .  0 0  
3 6  9 7 . 3 0  9 4 . 5 0  8 7  . 1 0  
3 8  9 3 . 0 0  8 7 . 3 0  7 8  .  6 0  
4 3  8 4 . 7 0  7 4 . 3 0  5 4 . 5 0  
4 5  9 1 . 1 0  8 5 . 6 0  6 7 . 5 0  
4 7  9 7 . 5 0  9 1 . 1 0  7 6 . 5 0  
5 0  9 7 . 5 2  9 3  . 1 0  8 2  .  2 0  
5 2  9 7 . 8 0  9 4 . 1 0  8 5 . 6 0  
5 4  9 9 . 0 0  9 5 . 5 0  8 8  . 1 0  
5 7  9 9 . 3 0  9 5 . 8 0  8 9 . 6 0  
5 9  9 5 . 8 0  9 3 . 4 0  9 2 . 5 0  
7 1  9 4 . 2 0  8 9 . 2 0  7 5 . 7 0  
7 3  9 8 . 5 0  9 2 . 1 0  7 8 . 7 0  
7 5  9 6 . 8 0  8 9 . 1 0  7 2 . 3 0  
7 8  9 6 . 5 0  8 5 . 9 0  6 8  .  8 0  
8 0  9 5 . 5 0  8 6 . 1 0  6 8  .  3 0  
8 2  9 7 . 3 0  8 7  .  4 0  7 0  .  3 0  
8 9  9 7 . 5 0  8 7  .  7 0  7 0 . 3 0  
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Oxygen concentrations for plot #10 
Days Soil depth 
since 15 3C 60 
June 1 cm 
3  9 8 . 0 0  9 4 . 5 0  9 3 . 5 0  
5  9 5 . 8 0  9 3 . 1 0  9 1 . 1 0  
9  9 5 . 0 0  9 1 . 8 0  8 7  .  6 0  
1 1  9 8 . 5 0  9 6 . 0 0  9 1 . 1 0  
1 5  9 4 . 3 0  8 8 . 6 0  8 4 . 6 0  
1 7  9 7 . 0 0  9 2 . 1 0  8 5 .  9 0  
1 9  9 7 . 3 0  9 3 . 1 0  8 6 . 8 0  
2 2  9 7 . 5 0  9 4 . 1 0  8 8 . 1 0  
2 4  9 7 . 0 0  9 2 . 3 0  8 6 . 8 0  
2 6  9 2 . 1 0  8 2 . 9 0  7 5 . 7 0  
2 9  9 3 . 3 0  8 6 . 4 0  8 0 . 7 0  
3 1  9 9 . 5 0  9 0 . 3 0  8 5 . 6 0  
3 6  9 8 . 0 0  9 3 . 1 0  8 8 . 3 0  
3 8  8 8 . 1 0  8 2 . 1 0  7 7  .  9 0  
4 3  8 1 . 2 0  7 1 . 5 0  5 8 . 9 0  
4 5  9 5 . 8 0  8 7 . 6 0  7 6 . 8 0  
4 7  9 8 . 3 0  9 2 . 1 0  8 3 . 7 0  
5 0  9 8 . 0 0  9 3  . 1 0  8 8 . 6 0  
5 1  9 7 . 3 0  9 1 . 6 0  4 8 . 2 8  
5 2  9 8  . 0 0  1 7 . 6 7  2 7 . 4 7  
5 3  1 0 . 5 9  6 . 4 8  1 6 . 3 8  
5 4  6 . 2 8  5 . 0 3  1 2 . 6 4  
5 7  2 5 . 1 1  9 . 0 0  6 . 3 2  
5 9  2 2 . 1 5  1 7 . 5 3  1 9 . 4 4  
6 1  1 2 . 4 0  7 . 7 0  9 .  4 0  
6 4  2 3 . 2 2  5 1 . 3 0  1 5 .  5 6  
6 5  7 6 . 6 0  6 8 . 4 0  4 5 . 0 0  
6 6  9 5 . 5 0  7 8  .  9 0  6 2 . 5 0  
6 8  1 0 0 . 0 0  9 6 . 8 0  8 2 . 4 0  
7 1  9 4 . 5 0  8 3 . 7 0  6 9 . 6 0  
7 3  9 8 . 8 0  9 0 . 1 0  7 7 . 7 0  
7 5  8 5 . 1 0  6 9 . 8 0  5 0 .  6 0  
7 8  9 4 . 1 0  8 4 . 2 0  7 2 . 3 0  
8 0  8 9 . 4 0  7 8 . 5 0  6 4 . 7 0  
8 2  9 2 . 8 0  8 4 . 9 0  7 5 . 2 0  
8 9  9 3 . 6 0  8 3  .  7 0  8 4 . 2 0  
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Oxygen concentrations for plot #11 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 7 . 5 0  9 4 . 3 0  8 7 . 3 0  
5  9 4 . 6 0  9 2 .  6 0  8 3  .  9 0  
9  9 4 . 0 0  9 3 . 5 0  8  6 .  6 0  
1 1  9 8 . 3 0  9 7 . 3 0  9 0 . 1 0  
1 5  9 6 . 0 0  9 3 . 3 0  8 8 . 6 0  
1 7  9 5 . 3 0  9 5 . 1 0  9 0 . 1 0  
1 9  9 8 . 5 0  9 5 . 5 0  9 0 .  8 0  
2 2  9 7 . 5 0  9 4 . 8 0  9 0 . 1 0  
2ii 9 7 . 0 0  9 5 . 0 0  8 9  ,  6 0  
2 6  8 7 . 1 0  8 4 . 1 0  7 8 . 2 0  
2 9  9 3 . 5 0  9 1 . 1 0  8 5 . 7 0  
3 1  9 7 . 3 0  9 4 . 8 0  8 8 . 1 0  
3 6  9 7 . 8 0  9 6 . 3 0  9 1 . 6 0  
3 8  8 9 . 8 0  8 8 . 8 0  8 4 .  8 0  
k3 7 9 . 7 0  7 0 . 0 0  5 4 . 5 0  
4 5  8 9 . 8 0  7 9 . 9 0  6 5 . 7 0  
4 7  9 7 . 3 0  8 8  .  6 0  7 3 . 3 0  
5 0  9 8 . 5 0  9 3 . 1 0  7 8 . 7 0  
5 2  9 9 . 0 0  9 6 . 0 0  8 7  .  6 0  
5 4  1 0 0 . 0 0  9 8 . 3 0  1 8  .  3 0  
5 7  9 9 . 5 0  9 6 . 8 0  8 6 . 1 0  
6 8  1 0 0 . 0 0  9 6 . 8 0  8 2 . 4 0  
7 1  9 4 . 3 0  8 6 . 5 0  6 9 .  8 0  
7 3  9 8 . 0 0  9 2 . 5 0  7 6 . 7 0  
7 5  9 2 . 8 0  8 6 . 1 0  7 2 . 8 0  
7 8  9 3  . 1 0  8 4 . 7 0  6 7  .  7 0  
8 0  9 2 . 8 0  8 6 . 1 0  7 1 . 6 0  
8 2  9 4 . 1 0  8 6 . 8 0  7 3 . 0 0  
8 9  9 5 . 3 0  8 9 . 6 0  8 0 . 0 0  
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Oxygen concentrations for plot #12 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 6 . 0 0  8 8 . 5 0  7 9 . 0 0  
5  9 5 . 0 0  8 6 . 4 0  7 4 . 8 0  
9  9 5 . 0 0  8 6 . 6 0  7 6 . 7 0  
1 1  9 7 . 5 0  9 1 . 1 0  8 2 . 2 0  
1 5  9 4 . 0 0  9 1 . 1 0  8 5 . 2 0  
1 7  9 7 . 0 0  9 3  . 1 0  8 8  .  6 0  
1 9  9 7 . 8 0  9 3 .  6 0  8 8  .  6 0  
2 2  9 7 . 5 0  9 3 . 8 0  8 9 . 1 0  
2 4  9 7 . 0 0  9 5 . 0 0  8 9 . 1 0  
2 6  8 7 .  7 0  8 1 . 6 0  7 6 . 8 0  
2 9  9 3 . 8 0  8 9 . 4 0  8 5 . 6 0  
3 1  9 7 . 7 0  9 3 . 0 0  3 6 . 2 2  
3 3  4 1 . 1 7  1 6 . 7 3  1 1 . 7 1  
3 4  1 5 . 6 6  1 0 . 1 3  1 0 . 0 3  
3 6  5 . 3 7  7 . 9 1  2 . 6 0  
3 8  3 . 7 1  3 . 6 2  2 . 3 1  
4 0  9 . 7 9  7 . 2 3  3  .  6 1  
4 3  4 6 . 0 0  4 . 5 0  4 . 5 0  
4 5  8 8 . 1 0  5 3 . 3 0  2 3 . 7 0  
4 7  9 4 . 6 0  6 5 . 8 0  3 6 . 6 0  
5 0  9 6 . 0 0  7 5 . 2 0  6 8  .  3 0  
5 2  9 8 . 3 0  8 5 . 4 0  8 8 . 1 0  
5 4  9 9 . 0 0  9 0 . 4 0  9 8 . 8 0  
5 7  9 9 . 0 0  9 2 . 6 0  8 6 . 7 0  
7 1  9 1 . 9 0  7 7 . 3 0  7 1 . 3 0  
7 3  9 7 . 5 0  8 5 . 4 0  7 7  .  3 0  
7 5  8 8 . 1 0  6 3 . 9 0  6 3 . 9 0  
7 8  9 1 . 1 0  7 0 . 8 0  6 0 . 9 0  
8 0  8 9 . 8 0  6 7 . 5 0  5 9  . 1 0  
8 2  9 3 . 6 0  7 3 . 3 0  6 2 . 2 0  
8 9  9 2 . 6 0  7 2 . 5 0  6 6 . 2 0  
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Redox potentials for plot #1 
D a y s  S o i l  d e p t h  
s i n c e  1 5  3 0  6 0  
J u n e  1  c m  
3  6 5 1  . 3  6 0 4 . 8  6 6 7 . 8  
5  5 7 0 . 9  6 6 7 . 7  6 4 4 . 5  
9  6 2 0 . 2  6 2 2 . 8  6 4 8 . 3  
1 1  5 7 5 . 0  6 6 1 . 8  
1 5  6 2 5 . 9  6 6 2 . 7  
1 7  6 5 5 . 0  
1 9  5 7 4 . 3  6 1 4 . 7  
2 2  6 0 0 . 0  6 1 0 . 9  
2 4  5 8 2 . 8  
2 6  5 8 0 . 8  6 0 2 . 7  
2 9  5 2 8 . 6  7 0 9 . 8  
3 1  5 8 5 . 2  6 5 8 . 2  6 6 2 . 0  
3 3  4 7 1  . 6  6 0 6 . 5  6 5 7 . 8  
3 4  2 5 1  .  1  5 2 4 . 5  4 5 2 . 4  
3 6  1 1 6 . 1  2 0 1 . 3  2 7 0 . 2  
3 8  1 3 9 . 5  1 9 5 . 7  
4 0  - 6 5 . 9  - 5 3 . 9  1 7 1 . 0  
4 1  5 2 . 7  1 8 8 . 1  2 3 7 . 6  
4 2  1 5 5 . 8  4 7 . 4  3 2 4 . 2  
4 3  5 3 4 . 3  3 9 3 . 8  
4 5  4 2 1  . 3  
4 7  5 7 7 . 8  6 1 8 . 4  
5 0  5 8 7 .  1  6 1 3 . 7  
5 2  6 0 4 . 8  
5 4  5 7 5 . 4  5 7 9 . 0  
5 7  5 7 2 . 3  5 8 0 . 7  
5 9  6 0 3 . 8  
6 1  5 7 2 . 2  5 8 7 . 8  
6 5  5 6 5 . 2  
6 8  5 3 6 .  1  6 1 2 . 8  
7 1  6 4 6 .  1  6 6 7 .  3  
7 3  5 8 0 . 6  
7 8  5 5 2 . 4  6 7 3 . 8  
8 0  6 3 8 . 4  
8 9  5 8 8 . 9  6 0 4 . 2  
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Redox potentials for plot #2 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  6 5 1 .  3  6 0 4 . 8  6 6 7 . 8  
5  6 2 2 . 0  6 7 3 . 5  6 7 0 .  7  
9  . 6 3 5 . 8  6 7 - 7 . 4  6 5 3 . 3  
1 1  5 9 8 . 4  6 6 7 . 1  
1 2  6 7 5 . 6  7 2 8 . 3  7 2 7 . 0  
1 3  6 5 4 . 0  7 0 9 . 0  7 2 7 . 0  
1 4  3 5 6 . 8  6 5 8 . 9  6 2 7  .  4  
1 5  1 4 2 . 8  6 1 9 . 2  7 1 9 . 6  
1 7  7 2 5 . 0  
1 9  3 5 4 . 6  - 8 9 . 9  
2 2  4 0 5 . 4  2 5 2 . 3  
2 4  1 6 5 . 4  5 0 3 . 3  5 0 8 . 0  
2 5  3 5 9 . 3  2 8 7 . 5  3 8 6 . 0  
2 6  2 7 7 . 9  3 4 6 . 4  4 2 8 . 3  
2 9  5 2 4 . 8  5 8 7  .  6  
3 1  6 7 5 . 0  
3 6  6 2 6 . 5  6 8 7 . 4  
3 8  6 5 3 . 0  
4 3  5 0 1 . 1  5 8 8 . 1  
4 5  5 4 0 . 2  
4 7  5 7 7 . 8  6 5 0 . 2  
5 0  5 9 2 . 6  6 6 8 . 3  
5 2  6 6 9 .  2  
5 4  5 5 7 . 4  5 9 0 . 7  
5 7  5 8 6 . 4  6 3 0 . 5  
5 9  6 6 6  .  8  
6 1  5 7 8 . 8  5 9 0 . 7  
6 5  5 8 4 . 2  
6 8  5 5 6 . 3  5 5 3 . 9  
7 1  6 3 3 . 2  7 0 6 . 7  
7 3  6 2 7  .  8  
7 8  5 4 5 . 0  5 8 9 .  5  
8 0  7 3 5 . 6  
8 9  5 0 4 . 0  6 9 2 . 3  
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Redox potentials for plot #3 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  6 4 4 . 7  6 4 5 . 6  6 0 3 . 8  
5  6 5 0 .  8  6 7 4 . 3  6 1 0 . 4  
9  6 1 5 . 3  6 4 7 . 7  5 9 7 . 0  
1 1  6 2 8 . 3  6 6 5 . 2  
1 5  6 6 1 . 6  6 6 0 . 5  
1 7  6 3 9 . 6  
1 9  6 4 1 . 6  6 2 2 . 4  
2 2  6 5 6 .  5  6 6 4 . 9  
2 4  5 5 6 . 4  
2 6  6 0 8 . 0  6 7 7 . 1  
2 9  5 9 5 . 6  6 7 2 . 5  
3 1  5 8 8 . 0  
3 6  6 0 3  .  3  6 6 1 . 9  
3 8  6 1 5 . 4  
4 3  5 6 9 . 3  5 9 8 . 0  
4 5  5 8 7 . 6  
4 7  6 2 7  .  3  6 2 7 . 6  
5 0  613 . 3 6 3 6 . 7  . 
5 2  5 3 0 . 6  
5 4  5 8 2 . 6  5 3 1 . 3  
5 7  5 4 9 . 5  6 1 3 . 4  
5 9  6 1 6 . 4  
6 1  5 8 3 . 7  6 0 3 . 7  
6 5  5 4 0 .  2  
6 8  5 8 6 . 6  6 0 9 . 1  
7 1  6 7 8 . 8  6 9 6 . 2  
7 3  6 0 6 .  2  
7 8  5 7 5 . 5  6 6 9 . 7  
7 9  4 6 5 . 4  6 7 9 . 1  6 2 2 . 0  
8 0  3 6 2 . 7  7 2 0 . 7  6 1 4 . 6  
8 1  4 1 2 . 9  4 3 8  .  8  6 3 3 . 5  
8 2  1 7 3 . 0  2 5 1 . 9  4 8 4 . 2  
8 5  - 8 . 0  2 4 1 . 5  3 9 % .  6  
8 9  1 7 7  .  2  2 4 4 . 7  2 9 5 . 5  
9 0  4 3 8  . 1  4 7 9 . 6  3 2 7  .  3  
9 1  5 1 4 . 6  6 2 3 . 9  5 2 3 . 8  
9 2  4 8 0 .  8  6 1 7 . 0  5 8 6 .  2  
9 4  6 4 3 . 6  6 3 6 . 8  6 0 1 . 2  
9 6  6 0 9 . 0  6 4 5 . 2  6 0 3  .  2  
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Redox potentials for plot #4 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 6 1 . 6  5 7 8 . 2  5 5 8 . 4  
5  6 0 5 . 2  6 4 4 . 6  6 0 4 . 0  
9  5 7 8 . 7  5 9 0 . 1  5 8 6 .  0  
1 1  4 8 3 . 2  5 6 4 . 8  
1 2  6 5 3 . 9  6 5 4 . 8  6 3 2 . 0  
1 3  4 1 5 . 8  6 5 2 . 7  7 1 2 . 5  
1 4  2 9 0 .  8  6 5 3 . 1  6 6 1 . 5  
1 5  1 7 0 . 3  6 4 1 . 1  6 6 0 .  3  
1 7  6 5 0 . 9  
1 9  3 1 9 . 3  2 3 3 . 9  
2 2  2 9 1 . 7  1 3 3 . 8  
2 3  2 8 9 . 8  1 9 4 . 9  2 1 5 . 6  
2 4  6 3 . 9  5 8 1 . 3  3 2 0 . 8  
2 5  1 5 4 . 8  3 5 2 . 3  5 3 6 . 2  
2 6  3 4 0 . 7  5 2 2 . 0  5 6 6 . 6  
2 9  4 8 3 . 4  5 0 1 . 8  
3 6  6 2 0 . 7  6 0 9 . 0  
3 8  5 4 6 .  4  
4 3  5 3 5 . 4  5 1 3 . 9  
4 5  4 7 5 . 0  
4 7  5 9 9 . 6  5 5 8 . 5  
5 0  5 9 5 . 4  5 4 3 . 0  
5 2  5 4 6 . 4  
5 4  5 2 7 . 7  5 8 2 . 5  
5 7  5 9 2  .  8  5 6 1 . 6  
5 9  5 6 6 . 0  
6 1  5 8 8 . 7  5 9 5 . 0  
6 5  5 8 0 .  4  
6 8  5 7 9 . 3  4 8 1 . 6  
7 1  6 0 8 . 0  6 2 1 . 1  
7 3  5 7 1 . 6  
7 8  5 8 1 . 4  6 4 7  .  3  
8 0  5 5 0 . 0  
8 9  5 4 2 . 6  5 8 5 . 5  
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Redox potentials for plot #5 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  6 2 8 . 0  6 3 1 . 0  6 5 0 . 4  
5  6 6 7 , 0  6 8 1 . 6  6 5 0 . 4  
9  5 9 9 . 5  6 4 3 . 0  6 3 0 . 0  
1 1  6 0 6 . 5  6 5 0 . 5  
1 5  5 8 9 . 5  6 7 3 . 2  
1 7  6 3 2 . 6  
1 9  5 6 3 . 2  6 3 3 . 9  
2 2  5 8 3 . 5  6 8 4 . 2  
2 4  6 0 5 . 2  
2 6  5 4 0 . 4  6 8 2 .  8  
2 9  6 1 7 . 5  6 8 7 . 1  
3 6  6 4 8 . 1  6 3 4 . 0  
3 8  5 9 0 . 2  
4 3  4 5 5 . 2  5 7 4 . 0  
4 5  5 4 2 . 6  
4 7  5 8 7 . 2  5 8 4 . 9  
5 0  5 8 9 . 8  5 6 8 . 9  
5 2  5 9 1 . 2  
5 4  5 8 3 . 9  5 5 0 . 7  
5 7  5 9 0 . 1  6 0 2 . 0  
5 9  6 4 8 . 3  
6 1  5 7 8 . 2  5 8 0 . 0  
6 5  5 9 4 . 2  
6 8  5 0 8 . 9  4 9 3 . 4  
7 1  6 2 1 . 0  6 9 7 . 9  
7 3  6 3 0 . 0  
7 8  6 2 5 . 8  7 4 3 . 6  
7 9  4 4 3 . 9  5 9 6 . 7  6 0 9 . 2  
8 0  3 7 2 . 9  3 0 4 . 5  6 5 5 . 0  
8 1  3 3 0 . 2  2 6 8 . 7  5 3 1 . 6  
8 2  3 0 8 . 9  4 1 4 . 5  5 5 4 . 6  
8 5  4 7 6 . 3  5 7 . 5  3 1 9 . 0  
8 9  2 9 2 . 1  2 2 . 9  - 3 . 6  
9 0  3 9 6 . 1  6 0 0 . 1  4 8 2 .  5  
9 1  2 7 0 . 6  6 3 6 . 3  3 2 0 . 2  
9 2  5 9 3 . 3  6 4 5 . 6  6 2 4 . 8  
9 4  5 9 1 . 2  6 7 1 . 7  6 4 5 . 6  
9 6  6 4 5 . 3  6 9 0 . 8  6 5 4 . 6  
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Redox potentials for plot #6 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 9 0 . 5  6 6 9 . 0  6 0 4 . 5  
5  6 1 7 . 8  6 6 0 .  5  
9  6 1 8 . 0  6 7 5 . 4  6 2 0 , 4  
1 1  6 3 5 . 7  6 6 3 . 9  
1 5  5 7 5 . 4  6 5 8 . 1  
1 7  6 4 1 .  6  
1 9  5 7 4 . 6  5 8 0 . 5  
2 2  6 0 6 . 8  6 2 2 . 7  
2k 6 0 5 . 2  
2 6  5 8 7  .  2  6 3 1 . 2  
2 9  5 8 2 . 1  6 3 5 . 6  
3 1  6 8 4 .  2  
3 6  6 1 0 . 7  6 5 5 . 1  
3 8  5 7 4 . 4  
4 3  5 5 6 . 3  6 3 6 . 7  
4 5  5 8 5 . 2  
4 7  5 7 6 . 7  5 6 4 . 6  
5 0  5 8 9 . 4  6 1 6 . 6  
5 1  5 7 5 . 8  6 4 9 . 7  6 4 6 . 0  
5 2  5 9 6 . 2  6 5 7 , 9  6 1 2 . 3  
5 3  1 7 , 8  2 2 0 . 9  6 4 0 .  6  
5 4  6 7 . 2  6 6 . 0  2 7 0 . 8  
5 7  1 5 2 . 0  1 9 5 . 9  - 5 3  .  8  
5 9  - 5 . 3  - 3 4 . 3  - 1 4 2 . 0  
6 1  3 1 7 . 7  2 4 4 . 4  1 5 9 . 7  
6 5  8 1 . 5  3 2 0 .  2  3 6 2  .  5  
6 6  5 3 8 . 4  3 9 9 . 2  4 7 9 . 3  
6 8  5 7 6 . 9  5 3 1 . 4  
7 1  6 2 4 . 7  6 3 4 . 1  
7 3  5 9 0 . 6  
7 8  6 2 3 . 3  6 5 5 . 9  
8 0  5 7 3  . 0  
8 2  6 0 0 . 0  6 7 5 . 5  
8 9  4 3 4 . 6  5 9 4 . 8  
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Redox potentials for plot #7 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  6 2 3 . 3  5 8 5 . 6  
5  6 3 6 . 6  6 2 4 . 0  5 9 2 . 4  
9  6 3 0 . 0  6 1 3 . 8  5 6 8 . 5  
1 1  6 5 6 . 0  6 2 8 . 5  
1 5  6 0 0 . 4  6 2 8 .  2  
1 7  5 5 3  .  6  
1 9  5 6 7 . 4  
2 2  5 9 5 . 6  6 1 3 . 1  
2 4  5 7 3  ,  4  
2 6  5 9 2 . 5  617 . 5 
2 9  5 9 2 . 5  5 7 9 . 6  
3 1  5 7 1 . 0  
3 6  5 8 9 . 2  6 2 9 . 0  
3 8  5 9 5 . 2  
4 3  5 1 0 . 4  5 2 5 . 6  
4 5  3 6 9 . 2  
4 7  5 9 9 . 5  5 6 6 . 0  
5 0  6 1 3 . 9  5 9 2  . 1  
5 2  5 8 2 . 8  
5 4  5 6 6 . 9  5 7 9 .  4  
5 7  5 6 0 . 0  5 8 9 . 7  
5 9  5 9 2 . 0  
6 1  5 9 2 . 4  5 9 5  .  7  
6 5  5 5 0 . 2  
6 8  5 0 3 . 5  5 5 3  .  2  
7 1  6 6 0 .  8  6 4 7 . 4  
7 3  5 8 0 . 4  
7 8  6 3 9 . 0  6 0 8 . 4  
8 0  5 5 9 . 2  
8 2  4 9 3 . 0  4 2 5 . 6  
8 9  2 9 5 . 2  3 3 6 . 8  
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Redox potentials for plot #8 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 9 7 . 4  6 4 9 . 9  
5  6 3 8 . 8  6 4 3 . 7  5 9 5 . 4  
9  6 1 0 . 2  6 3 5 . 0  6 0 1 .  7  
1 1  6 0 4 . 6  6 1 4 . 3  
1 5  5 9 4 . 7  6 1 1 . 6  
1 7  6 1 4 . 2  
1 9  5 9 8  .  6  6 3 8  .  0  
2 2  5 8 4 . 0  5 7 2 . 9  
2 4  5 8 1 . 0  
2 6  5 7 1 . 5  6 4 3 . 8  
2 9  6 0 3  .  2  5 7 4 . 6  
3 6  6 2 3 . 4  5 8 1 . 7  
3 8  5 8 8  .  6  
4 3  3 4 9 . 7  5 0 2 . 7  
4 5  3 9 6 . 4  
4 7  5 4 3 . 9  5 7 4 . 5  
5 0  5 8 9 . 3  6 1 1 . 9  
5 2  5 5 3 . 0  
5 4  5 9 5 . 6  5 3 3  .  5  
5 7  5 6 4 . 3  5 8 9 . 4  
5 9  5 7 7 . 0  
6 1  5 2 0 . 5  5 2 2 . 9  
6 5  5 4 6 . 2  
6 8  5 4 3 . 9  5 4 1 . 1  
7 1  5 7 6  .  6  6 6 2 . 3  
7 3  6 1 6 . 2  
7 8  5 4 9 . 8  6 3 5 . 3  
8 0  5 1 8 . 6  
8 2  6 1 5 . 9  5 7 6 . 0  
8 9  4 4 6 . 4  4 4 9 . 2  
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Redox potentials for plot #9 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 9 7 . 5  6 5 6 . 6  
5  6 3 9 . 3  6 1 0 . 4  6 5 6 . 6  
9  5 9 8 . 2  6 2 1 . 3  6 3 1 . 0  
1 1  6 0 4 . 7  5 9 2 . 3  
1 5  5 9 3 . 9  6 6 3 . 6  
1 7  6 8 1 . 3  
1 9  5 6 3 . 1  6 2 2 . 8  
2 2  5 5 7 . 6  5 8 4 . 9  
2 4  5 7 5 . 4  
2 6  5 0 6 . 8  6 3 1 . 3  
2 9  5 8 0 . 2  5 8 9 . 1  
3 6  6 0 2 . 7  5 7 7 . 9  
4-3 5 6 5 . 0  6 3 0 . 9  
4 5  5 5 5 . 6  
4 7  5 7 9 . 4  6 1 7 . 8  
5 0  5 9 2 . 0  5 7 8 . 2  
5 2  6 0 2 . 4  
5 4  5 6 3 . 0  5 8 2 . 9  
5 7  5 5 3 . 6  5 4 7 . 5  
5 9  4 9 3 . 4  
6 1  4 6 6 .  5  5 5 3 . 9  
6 5  6 0 0 . 3  
6 8  5 6 0 . 9  
7 1  6 7 1 . 9  6 8 3 . 3  
7 3  6 3 9 .  4  
7 8  6 3 4 . 9  6 5 5 . 2  
8 0  5 8 4 . 4  
8 2  618 . 2 6 9 8  .  6  
8 9  5 8 2 . 7  6 3 9 . 9  
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Redox potentials for plot #10 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 8 5 . 4  6 1 6 . 2  
5  5 8 8 . 4  6 1 3 . 8  5 8 8 . 5  
9  5 6 3 . 2  6 4 3 . 1  5 8 2 . 7  
1 1  5 7 7 . 4  5 0 3 .  6  
1 5  5 9 4 . 1  6 3 4 . 3  
1 7  5 6 8  .  6  
1 9  5 8 8 . 2  5 0 8 . 0  
2 2  4 9 7 . 6  6 0 3 . 4  
2 4  5 8 5 . 8  
2 6  5 2 1 . 2  5 9 5 . 3  
2 9  5 5 6 . 0  5 9 9 . 3  
3 6  5 3 9 . 8  5 5 4 . 6  
4 3  4 6 4 . 0  5 8 6 . 4  
4 5  6 0 0 . 4  
4 7  5 1 2 . 1  6 2 7 . 8  
5 0  5 5 2 . 3  5 2 5 . 1  
5 1  5 8 6 . 4  5 8 8 . 0  6 4 0 . 4  
5 2  5 0 0 . 5  5 4 8 . 6  6 4 3 . 0  
5 3  6 7 . 7  1 5 0 . 1  5 9 1 . 8  
5 4  - 3 3 . 4  3 1 . 4  2 7 1 . 8  
5 7  2 0 6 . 9  3 2 0 . 6  5 0 9 . 0  
5 9  •  1 4 2 . 0  - 9 3 . 3  3 1 4 . 8  
6 1  2 3 1 . 9  2 4 6 . 2  2 1 4 . 5  
6 4  - 1 3 3 . 4  - 1 0 2 . 1  - 9 1 . 4  
6 5  5 4 9 . 0  3 0 3 . 0  5 2 5 . 0  
6 6  5 6 8 . 4  4 7 9 . 0  5 0 9 . 0  
6 8  5 3 3 . 5  5 9 7 . 6  
7 1  6 2 7 . 8  6 0 4 . 1  
7 3  5 9 1 . 6  
7 8  5 8 4 . 7  6 0 6 .  6  
8 0  5 3 4 . 0  
8 2  5 6 0 . 2  6 4 1 . 8  
8 9  5 2 0 . 6  4 8 7 . 3  
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Redox potentials for plot #11 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  6 6 0 . 9  6 1 9 . 6  
5  6 9 5 . 3  6 7 0 . 3  6 1 4 . 7  
9  6 1 4 . 4  6 5 5 .  8  6 2 2  .  7  
1 1  7 1 7 . 1  7 6 2 . 0  
1 5  6 2 5 . 1  6 4 0 . 6  
1 7  6 2 0 . 0  
1 9  6 1 2 .  9  4 9 9 . 8  
2 2  5 6 8  .  8  5 0 8 . 8  
2 4  6 0 7 . 8  
2 6  5 8 0 . 4  6 1 5 . 3  
2 9  6 1 7 . 7  6 1 8 . 4  
3 6  6 1 0 . 4  6 5 4 . 2  
4 3  5 2 6 . 0  6 0 6 . 8  
4 5  498 . 8 
4 7  5 9 7 . 1  6 4 5 . 2  
5 0  5 6 9 . 0  5 5 2 . 1  
5 2  5 8 5 . 3  
5 4  5 3 3 . 6  4 6 8 . 2  
5 7  5 9 0 . 8  6 3 2 . 2  
5 9  5 5 3 . 5  
6 1  4 8 4 . 6  5 6 9 . 0  
6 5  6 0 6 .  2  
7 1  6 6 8 . 8  6 6 3  .  5  
7 3  5 9 9 . 8  
7 8  6 1 9 . 1  6 0 6 .  6  
8 0  5 3 8 . 6  
8 2  6 4 5 . 7  6 5 6 . 7  
8 9  4 9 0 . 4  6 0 2 . 5  
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Redox potentials for plot #12 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 9 0 . 0  6 0 5 . 8  
5  6 8 4 . 6  6 4 0 . 8  6 5 8 . 0  
9  6 4 9 . 4  6 7 7 . 2  6 2 2 .  6  
1 1  7 4 0 . 0  7 7 0 . 2  
1 5  6 1 7 . 4  6 8 0 . 5  
1 7  6 1 9 . 0  
1 9  6 1 2 . 9  6 1 5 . 8  
2 2  5 5 1 . 4  5 8 9 , 7  
2 4  5 9 7 . 0  
2 6  6 2 2 . 0  6 5 7 . 3  
2 9  5 7 4 . 5  6 3 4 . 4  
3 1  6 6 5 .  6  6 6 8 . 9  6 5 2 . 4  
3 3  5 4 7 . 0  6 8 6 . 3  6 9 4 . 6  
3 4  2 3 4 . 2  6 8 2 . 1  6 8 7 . 4  
3 6  8 5 . 6  2 3 7 . 4  5 5 3 . 2  
3 8  3 5 3 . 3  1 3 6 . 9  
4 0  2 6 9 . 6  2 5 8 . 0  - 7 . 9  
4 3  3 7 9 . 8  3 9 7  .  5  
4 5  4 7 7 . 8  
4 7  6 7 1 . 7  6 7 2 . 7  
5 0  6 2 1 . 0  5 4 0 . 2  
5 2  6 1 0 . 0  
5 4  5 8 8 . 3  5 5 4 . 4  
5 7  5 9 7 . 0  6 0 7  .  7  
5 9  5 4 0 . 3  
6 1  5 5 5 . 7  5 4 6 . 9  
6 5  5 7 4 . 6  
7 1  7 0 9 . 9  6 8 5 . 6  
7 3  6 4 4 . 8  
7 8  6 6 7 . 7  6 5 2 .  8  
8 0  5 8 6 . 8  
8 2  6 7 7 . 4  6 8 4 . 6  
8 9  4 5 5 . 0  6 3 2 .  8  
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Oxygen diffusion rates for plot #1 
D a y s  S o i l  d e p t h  
s i n c e  1 5  3 0  6 0  
June 1 cm 
3  1 8 . 2 1  1 4 . 8 8  8 . 3 9  
5  3 2 . 7 8  1 6 . 0 7  1 3 . 3 3  
9  5 4 . 2 6  2 8 . 5 6  1 8 . 3 9  
1 1  6 4 . 0 8  2 9 . 7 5  
1 5  5 4 . 0 9  1 4 . 3 4  
1 7  9 . 7 6  
1 9  3 6 . 1 8  2 3 . 6 8  
2 2  4 5 . 0 4  1 0 . 3 5  
2 4  7 . 3 2  
2 6  3 5 . 7 0  2 2 . 9 1  
2 9  4 4 . 5 7  2 3 . 3 2  
3 1  4 4 . 6 3  1 1 . 9 6  ,  6 . 3 1  
3 3  4 , 1 1  8 . 4 5  7 . 0 8  
3 4  4 . 2 7  4 . 5 2  3 . 7 2  
3 6  4 . 8 8  6 . 7 8  4 . 8 2  
3 8  5 . 9 5  7 . 2 0  
4 0  6 . 6 6  7 . 7 9  6 . 5 5  
4 1  5 .  1 7  6  . 6 6  7 . 3 8  
4 2  4 . 0 3  6 . 3 7  7 . 8 5  
4 3  1 2 . 3 2  6 . 9 6  
4 5  1 1 .  6 6  
4 7  2 8 . 7 4  9 . 0 4  
5 0  3 6 . 4 1  1 6 . 3 6  
5 2  3 1 . 7 7  
5 4  3 3 . 9 7  3 1 . 5 4  
5 7  7 9 . 7 3  3 9 . 2 7  
5 9  8 . 5 7  
6 1  5 6 . 5 8  4 3 . 2 0  
65* 4 1 . 8 9  
6 8  5 8 . 3 7  4 3 . 2 6  
7 1  3 9 . 2 7  1 9 . 0 4  
7 3  2 1  . 9 6  
7 8  3 1  . 0 6  1 5 . 8 3  
8 0  1 1 . 6 0  
8 9  1 4 . 5 8  1 9 . 8 1  
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Oxygen diffusion rates for plot #2 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  4 0 .  7 0  1 6 . 4 2  1 1 .  2 5  
5  4 9 . 1 5  1 6 . 4 8  1 1 . 4 2  
9  5 5 .  3 4  3 1 : 3 0  1 2 . 9 1  
1 1  4 6 .  4 1  3 3 . 8 0  
1 2  5 2 . 0 0  1 5 . 7 1  5 . 9 1  
1 3  1 0 . 5 3  7 . 0 8  4 . 8 3  
14. 4 . 5 3  6 . 1 9  4 . 3 7  
1 5  5 . 7 5  6 . 6 6  5 . 0 3  
1 7  4 . 7 0  
1 9  9 . 7 0  9 . 4 6  
2 2  1 1 . 4 8  6 . 7 8  
2 4  1 3 . 6 3  1 0 .  8 9  7  ,  6 8  
2 5  1 0 . 7 1  9 . 4 6  8  .  6 3  
2 6  8 . 7 5  9 . 0 4  8 . 6 3  
2 9  1 4 . 3 4  1 2 . 6 7  
3 1  1 3 . 6 8  
3 6  3 5 . 2 8  3 1 . 5 9  
3 8  1 0 . 4 1  
4 3  1 5 . 9 5  8 . 3 9  
4 5  1 4 . 7 0  
4 7  1 5 . 1 1  1 1 . 7 8  
5 0  2 8  ,  2 0  2 3 . 3 2  
5 2  1 8  .  4 5  
5 4  4 4 .  3 9  3 3 . 3 8  
5 7  5 6 . 1 7  3 3 .  3 2  
5 9  2 9 . 1 6  
6 1  3 8 . 1 4  4 4 . 6 3  
6 5  3 3 . 2 0  
6 8  4 6 . 4 1  4 9 . 4 4  
7 1  2 6 . 6 0  1 8 . 8 6  
7 3  3 7  .  4 3  
7 8  2 1 . 5 4  1 7 . 6 1  
8 0  1 5 . 8 9  
8 9  9 . 9 4  1 0 . 4 1  
194 
Oxygen diffusion rates for plot #3 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  2 1 . 5 4  1 4 . 5 2  1 2 . 1 4  
5  3 6 . 5 3  1 2 . 6 1  7 . 1 4  
9  4 3 . 5 5  1 4 . 4 6  7 . 5 0  
1 1  4 8 . 7 9  1 6 . 4 8  
1 5  4 2 . 6 6  3 4 .  9 3  
1 7  1 2 . 8 5  
1 9  5 3 . 7 3  4 4 . 0 3  
2 2  3 7 . 4 9  3 9 . 8 1  
2 4  1 8 . 2 7  
2 6  2 6 .  6 0  2 8 . 1 4  
2 9  4 8 . 7 3  2 9 .  7 5  
3 1  8 . 8 7  
3 6  3 9 . 6 9  4 0 . 5 8  
3 8  1 9 . 0 4  
4 3  1 2 . 4 4  7 . 8 5  
4 5  1 1 . 9 0  
4 7  3 2 . 4 9  8 . 8 7  
5 0  4 0 .  4 6  1 4 . 1 6  
5 2  1 3  .  2 1  
5 4  5 3 . 1 3  3 0 . 3 5  
5 7  6 8  .  6 6  2 9 . 8 7  
5 9  2 0 . 1 1  
6 1  4 7 . 0 1  3 9 . 8 1  
6 5  1 5 . 0 5  
6 8  5 4 . 2 0  4 2 . 0 1  
7 1  2 3 . 8 0  1 9 . 6 3  
7 3  1 9 .  5 8  
7 8  2 0 . 5 9  1 6 .  3 6  
7 9  8 . 3 3  1 0 . 7 1  9 . 2 2  
8 0  7 . 3 8  8 . 5 7  7 . 9 7  
8 1  5 . 7 7  7 . 4 4  6 . 0 7  
8 2  5 . 8 3  6 . 3 1  7 . 3 8  
8 5  5 . 2 4  5 . 9 5  5 . 9 5  
8 9  4 . 5 2  5 . 4 1  4 . 2 4  
9 0  4 . 7 0  4 . 7 0  3 . 7 5  
9 1  6 . 3 7  6 . 3 1  3  .  3 3  
9 2  1 2 . 6 1  1 1 . 3 1  9 . 7 0  
9 4  1 8 . 2 1  1 1 . 6 6  1 5 . 5 9  
9 6  1 9 . 3 4  2 0 . 4 1  1 5 . 8 9  
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Oxygen diffusion rates for plot #4 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  9 .  5 8  7 . 0 8  8 . 1 5  
5  5 .  8 3  9 . 1 6  1 2 . 6 1  
9  1 4 . 5 2  1 2 . 5 5  8 . 3 3  
1 1  9 . 1 6  6 . 1 3  
1 2  1 0 . 0 0  6 . 9 6  1 1 . 6 6  
1 3  7 . 1 4  6 . 1 9  1 0 . 8 3  
1 4  7 . 0 2  6 . 1 3  9 . 8 2  
1 5  6 . 0 7  5 . 8 3  9 . 5 2  
1 7  8 . 3 9  
1 9  7 . 9 1  6 . 3 7  
2 2  9 . 4 6  6 . 4 9  
2 3  8 . 9 3  5 . 8 3  5 . 2 7  
2 4  7 . 7 4  6 . 9 6  6 . 3 1  
2 5  8 . 8 1  7 . 0 2  7 . 4 4  
2 6  7 . 7 9  6 . 9 0  7 . 5 6  
2 9  9 . 2 2  8 . 7 5  
3 6  2 1 . 4 2  1 2 . 3 2  
3 8  7 . 2 6  
4 3  8  .  0 3  5 . 3 6  
4 5  1 0 . 0 6  
.47 2 7 . 8 5  7 . 9 7  
5 0  3 6 . 0 6  7 . 8 5  
5 2  1 4 . 9 3  
5 4  3 5 . 7 0  1 1 . 9 6  
5 7  1 6 . 1 8  1 2 . 4 4  
5 9  2 0 , 2 3  
6 1  8 . 2 1  1 2 . 3 2  
6 5  2 2 . 5 5  
6 8  2 4 . 8 7  1 7 . 9 1  
7 1  1 6 . 1 2  1 5 . 8 9  
7 3  2 7 . 8 5  
7 8  1 5 . 1 1  1 4 . 5 2  
8 0  1 3 . 8 6  
8 9  3 . 8 7  6 . 6 6  
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Oxygen diffusion rates for plot #5 
D a y s  S o i l  d e p t h  
s i n c e  1 5  3 C  6 0  
J u n e  1  c m  
3  1 8 . 9 2  1 6 . 9 6  7 . 8 5  
5  1 0 . 1 7  1 0 . 7 1  1 0 . 3 5  
9  4 3 . 0 8  9 . 8 8  9 . 3 4  
1 1  3 5 . 1 1  1 7 . 2 0  
1 5  3 8 . 7 3  2 1 . 3 6  
1 7  7 . 5 6  
1 9  4 5 . 3 4  2 8 . 3 8  
2 2  2 0 .  1 7  2 0 . 3 5  
2 4  1 4 . 0 4  
2 6  1 2 . 2 0  1 9 . 0 4  
2 9  1 8 . 5 6  1 8 . 1 5  
3 6  2 6 . 6 0  3 9 . 2 1  
3 8  1 5 . 1 1  
4 3  1 2 . 0 2  7 . 3 2  
4 5  1 0 . 0 6  
4 7  1 9 . 4 6  1 2 . 2 0  
5 0  2 9 . 1 6  2 3 . 2 1  
5 2  1 3 . 6 3  
5 4  4 5 . 4 6  3 6 . 0 0  
5 7  3 5 . 7 0  3 4 . 6 9  
5 9  5 . 9 5  
6 1  3 6 . 8 9  4 8 . 2 5  
6 5  1 1 . 4 8  
6 8  1 0 . 1 2  3 5 . 4 6  
7 1  2 2 . 8 5  2 1  . 6 6  
7 3  2 7 . 4 3  
7 8  2 2 . 8 5  1 6 .  3 6  
7 9  7 . 6 2  8 . 8 7  9 . 8 8  
8 0  1 1 . 9 0  8 . 9 3  9 . 8 2  
8 1  8 . 9 3  9 . 8 8  8 . 6 9  
8 2  6 .  1 9  5 . 9 5  7 . 0 8  
8 5  9 . 7 0  5 . 9 5  5 . 1 8  
8 9  4 . 2 2  4 . 9 4  4 . 2 0  
9 0  4 . 2 2  6 . 7 2  5 . 0 0  
9 1  5 . 7 1  7 . 8 5  5 . 3 6  
9 2  9 . 2 2  8 . 7 5  5 . 4 6  
9 4  8 . 5 1  9 . 8 8  8 . 8 1  
9 6  1 5 . 3 5  1 4 . 4 6  6 . 7 2  
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Oxygen diffusion rates for plot #6 
D a y s  S o i l  d e p t h  
s i n c e  1 5  3 0  6 0  
J u n e  1  c m  
3  4 5 . 1 6  5 . 5 3  7 . 0 8  
5  4 3 . 2 6  1 2 . 7 3  1 4 . 3 4  
9  4 1 . 1 1  1 7 . 3 7  8 . 2 1  
1  1  2 3 . 6 2  3 1  . 0 6  
1 5  3 5 . 3 4  3 0 . 7 6  
1 7  1 1 . 9 6  
1 9  4 5 . 7 6  3 9 . 8 1  
2 2  3 9 , 9 2  3 7 . 0 7  
2 4  1 1 . 9 0  
2 6  3 3 . 8 6  3 6 - 0 6  
2 9  3 6 . 2 4  2 8 . 2 0  
3 1  1 0 . 8 9  
3 6  3 9 . 6 9  3 9 . 5 1  
3 8  2 7 . 7 3  
4 3  1 4 . 2 2  7 .  1 4  
4 5  9 . 1 6  
4 7  3 7 . 1 9  4 3 . 0 2  
5 0  3 4 . 3 3  2 3 . 8 0  
5 1  4 0 .  1 0  1 0 . 9 5  8 . 5 7  
5 2  4 6 - 4 1  9 . 8 8  8 . 3 9  
5 3  6 . 2 5  7 . 0 8  5 . 6 5  
5 4  5 . 3 0  7 . 0 2  8 . 0 3  
5 7  8 . 6 3  8 . 5 7  7 . 0 2  
5 9  7 . 0 2  8 . 9 3  7 . 2 6  
6 1  7 . 7 4  6 . 5 5  4 . 9 6  
6 5  6 . 4 9  8 . 2 1  6 . 2 5  
6 6  1 5 - 0 5  7 . 1 4  6 . 4 9  
6 8  1 9 . 8 1  9 . 5 2  
7 1  2 5 . 5 9  1 8 . 9 8  
7 3  2 3 . 5 6  
7 8  2 5 . 7 0  1 8 . 5 6  
8 0  1 3 . 3 3  
8 2  1 9 . 7 5  1 4 . 3 4  
8 9  3 . 5 1  6 . 9 0  
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Oxygen diffusion rates for plot #7 
Days Soil depth 
since 15 30 60 
June 1 cm 
3 1 1 . 1 3  22 . 85 
5 1 6 . 4 8  1 9 . 1 6  3 2 . 1 3  
9 2 8 . 8 0  1 4 . 4 6  2 6 . 7 8  
1 1  1 6 . 1 2  1 2 . 3 2  
1 5  4 0 . 0 4  2 2 . 8 5  
1 7  2 8 . 8 6  
1 9  4 5 . 8 7  2 1 . 7 2  
2 2  3 7 . 1 3  2 2 . 2 5  
2 4  1 1 . 8 4  
2 6  1 9 . 3 4  1 0 . 5 9  
2 9  3 2 . 0 7  2 3 . 8 0  
3 1  1 8 . 8 6  
3 6  3 7 . 8 4  2 7 . 4 3  
3 8  3 2 . 5 5  
4 3  5 . 5 9  6 .  6 0  
4 5  1 2 . 2 6  
4 7  2 9 . 3 3  1 2 . 1 4  
5 0  2 9 .  2 7  1 0 . 6 5  
5 2  2 9 . 8 7  
5 4  4 3 . 4 4  1 8 . 4 5  
5 7  5 4 . 8 0  2 4 . 9 9  
5 9  3 2 . 0 7  
6 1  4 2 . 3 0  3 0 . 2 3  
6 5  3 9  .  7 5  
6 8  2 2 . 1 9  1 9 . 0 4  
7 1  2 5 .  2 9  2 0 . 7 1  
7 3  2 6 . 0 0  
7 8  2 7 . 0 1  1 2 . 5 5  
8 0  1 3 . 9 2  
8 9  4 . 2 2  5 . 0 0  
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Oxygen diffusion rates for plot #8 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  1 2 . 3 2  9 . 8 8  
5  1 1 .  9 0  1 0 . 8 3  1 2 . 8 5  
9  1 5 . 3 5  2 3  .  6 8  1 2 . 8 5  
1 1  3 4 . 5 1  1 2 . 9 1  
1 5  3 1 . 0 6  3 3 . 4 4  
1 7  1 9 . 6 9  
1 9  3 9 . 8 1  3 0 . 4 0  
2 2  3 5 . 6 4  4 2 . 5 4  
2 4  7 , 2 0  
2 6  2 0 . 5 9  2 6 . 6 6  
2 9  2 0 . 0 5  3 1 . 2 4  
3 6  4 2 . 1 3  3 1 . 3 0  
3 8  2 2 . 1 9  
4 3  5 . 3 0  5 . 7 3  
4 5  9 . 5 2  
4 7  1 0 . 0 0  1 2 . 4 4  
5 0  2 8 . 7 4  1 3 . 0 9  
5 2  2 0 . 1 7  
5 4  5 0 .  1 6  3 0 . 5 8  
5 7  3 8 . 1 4  4 9 . 0 9  
5 9  2 5 . 2 9  
6 1  5 3  .  6 7  4 5 . 2 2  
6 5  3 1 . 1 2  
6 8  2 2 . 0 7  2 0 . 8 3  
7 1  1 2 . 1 4  1 9  .  5 2  
7 3  4 1 . 4 1  
7 8  1 6 . 7 2  1 2 . 2 0  
8 0  1 7 . 6 1  
8 2  1 5 . 8 9  1 1 . 5 4  
8 9  4 . 2 8  1 0 . 3 5  
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Oxygen diffusion rates for plot #9 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  1 6 .  7 2  8 . 0 9  
5  1 2 . 4 4  1 1 . 3 6  8  .  0 3  
9  4 9 . 3 9  3 0 . 1 1  8 . 8 7  
1 1  4 1 . 6 5  2 7 . 4 9  
1 5  4 8 . 7 9  1 3 . 8 6  
1 7  1 3 . 2 7  
1 9  4 7 .  5 4  4 1 . 1 7  
2 2  3 8 . 5 6  4 5 . 1 0  
2 4  3 3 .  5 0  
2 6  2 9 .  0 4  2 6 . 7 2  
2 9  2 7 . 1 3  3 1 . 7 7  
3 6  3 6 . 0 0  4 9 . 1 5  
4 3  1 1 . 3 6  9 . 0 4  
4 5  1 0 . 1 7  
4 7  2 8 . 6 8  1 7 . 6 7  
5 0  4 3 . 4 9  4 0 . 0 4  
5 2  2 2 . 6 1  
5 4  5 6 . 7 6  2 5 . 5 9  
5 7  5 0 . 8 7  3 9 . 1 5  
5 9  3 9 . 6 3  
6 1  4 2 . 2 5  3 5 . 9 4  
6 5  3 8 . 0 2  
6 8  4 5 . 4 6  
7 1  2 6 . 4 8  2 4 . 4 5  
7 3  2 1 . 4 2  
7 8  2 3 . 8 0  1 8  .  5 6  
8 0  1 3 . 8 6  
8 2  1 5 . 7 7  1 5 . 5 3  
8 9  1 3  .  5 7  1 0 . 7 7  
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Oxygen diffusion rates for plot #10 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  1 6 . 7 8  9 . 4 0  
5  1 0 . 5 3  1 6 . 4 8  
9  6 9 . 4 4  1 5 . 3 5  1 8  .  5 6  
1 1  5 6 . 4 1  2 7  .  3 7  
1 5  4 0 . 8 8  2 9 . 5 1  
1 7  2 6 . 7 2  
1 9  5 5 . 8 1  4 9 . 8 6  
2 2  4 8 . 4 9  3 5 . 1 1  
2 4  2 7 . 2 5  
2 6  5 5 . 7 5  2 7 . 6 7  
2 9  5 0 .  5 8  2 5 . 7 0  
3 6  6 0 . 9 3  4 7  .  9 6  
4 3  3 7 . 1 3  1 0 . 8 3  
4 5  1 1 . 0 7  
4 7  3  5 . 0 5  1 6 . 9 6  
5 0  5 3 .  6 7  4 4 . 4 5  
5 1  5 4 . 2 0  5 4 . 1 4  1 3 . 4 5  
5 2  6 . 0 1  1 0 . 5 9  6 . 9 0  
5 3  6 . 0 7  6 . 9 0  8 . 0 9  
5 4  6 . 1 9  5 .  7 1  4 . 6 4  
5 7  7 . 6 2  7  .  7 9  7  . 1 4  
5 9  8 . 0 9  7 . 8 5  5 . 0 5  
6 1  7 . 8 5  7 . 9 1  6 . 1 9  
6 4  6 . 2 5  1 9 . 0 4  1 0 . 1 2  
6 5  3 0 . 7 6  1 5 . 1 1  1 7 . 0 8  
6 6  3 2 . 8 4  7 . 6 2  6 . 2 5  
6 8  4 7 . 7 2  9 . 1 6  
7 1  4 2 . 6 0  1 9 . 1 6  
7 3  1 5 . 9 5  
7 8  3 3  .  2 6  1 5 . 2 3  
8 0  1 3 . 5 7  
8 2  1 7 . 4 3  1 6 . 1 8  
8 9  2 6 . 6 6  6 . 4 3  
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Oxygen diffusion rates for plot #11 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  1 6 . 9 6  7 . 4 4  
5  7 . 8 5  9 . 1 0  7 . 0 2  
9  5 0 .  5 8  1 8 . 9 8  1 2 . 3 2  
1 1  5 6 . 6 4  1 5 . 2 3  
1 5  4 5 . 2 2  3 1 . 1 2  
1 7  1 8 . 2 7  
1 9  3 7 . 6 6  2 7 , 7 3  
2 2  4 1 . 2 3  4 5 . 5 2  
2 4  2 7  . 6 1  
2 6  2 1 . 4 8  3 3 . 5 6  
2 9  3 2 . 9 6  3 2 . 6 7  
3 6  5 5 . 3 4  1 7 . 6 1  
4 3  1 0 . 7 7  6 . 5 5  
4 5  9 . 8 8  
4 7  2 6 . 0 6  1 3 . 3 9  
5 0  4 3 . 5 5  2 9 . 7 5  
5 2  8 . 2 1  
5 4  5 4 . 1 4  4 1 . 6 5  
5 7  5 2 . 3 6  2 8 . 7 4  
5 9  1 7 . 4 3  
6 1  3 8 . 0 8  1 9 . 7 5  
6 5  8 . 0 3  
7 1  2 3 . 9 2  1 7 . 1 4  
7 3  1 4 . 3 4  
7 8  1 6 . 4 8  1 5 . 1 1  
8 0  1 2 . 5 0  
8 2  2 1 . 2 4  1 7 . 0 2  
8 9  7 . 7 4  7 . 6 2  
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Oxygen diffusion rates for plot #12 
Days Soil depth 
since 15 30 60 
June 1 cm 
3  5 7 . 4 2  8 . 9 8  
5  1 4 . 4 0  1 2 . 2 0  1 1 . 3 1  
9  2 9 . 7 5  1 5 . 8 9  1 3 . 4 5  
1 1  1 7 . 7 3  1 3 . 9 8  
1 5  4 6 . 8 3  3 2 . 7 8  
1 7  2 5 . 0 5  
1 9  4 2 .  4 8  4 3 . 6 7  
2 2  4 5 . 0 4  4 4 . 5 7  
2 4  3 4 . 3 3  
2 6  3 0 . 6 4  3 1 . 2 4  
2 9  3 9 . 5 1  3 0 . 2 3  
3 1  4 3 . 5 5  1 1 . 6 6  9 . 2 2  
3 3  8 .  5 7  9 . 5 8  6 . 1 3  
3 4  6 . 1 3  6 . 9 6  7 . 0 8  
3 6  6 . 0 1  7 . 0 2  5 . 7 5  
3 8  8 .  1 5  6 . 3 7  
4 0  6 . 3 1  6 . 3 7  8 . 3 3  
4 3  1 2 . 0 8  6 . 9 6  
4 5  7 . 6 8  
4 7  3 9 .  9 2  1 9 . 8 7  
5 0  4 4 . 8 0  1 6 . 6 6  




5 4  5 8 . 9 6  2 9 . 1 6  
5 7  5 2 . 3 6  3 0 . 7 0  
5 9  3 7 . 9 6  
6 1  5 8 . 9 6  4 3 . 1 4  
6 5  3 5 . 1 1  
6 8  6 5 . 8 7  
7 1  1 9 .  5 2  1 7 . 4 9  
7 3  3 3 . 1 4  
7 8  3 2 . 1 3  1 9 . 4 6  
8 0  1 9 . 4 0  
8 2  2 1 .  4 2  1 5 . 3 5  
8 9  5 . 0 6  1 4 . 8 2  
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Redox potentials for plot 
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+ 30 em depth SO cm depth IB em depth 
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Redox potentials for plot 1 
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Oxygen diffusion rotes for plot #1 
IS em depth 
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APPENDIX C: 
CORN GROWTH PARAMETERS AND GRAIN YIELD DATA 
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Canopy height Dry-matter weight Grain yield 
Plot cm g/plant kg/ha 
number 1 9 8 7  1988 1 9 8 7  1988 1 9 8 7  1 9 8 8  
1  2 3 5  185 403 131 8148 3 4 6 3  
2  185 1 7 5  2 2 3  6 6  5180 2 7 7 5  
3  2 3 6  206 307 158 9 8 7 0  5 9 6 2  
4  185 1 7 8  1 7 5  8 8  4 7  5 0  2 8 5 4  
5  2 3 9  2 2 2  317 240 10410 8 6 8 5  
6  217 197 2 8 0  215 9 8 9 0  6 7 2 7  
7  246 199 2 5 1  1 7 1  9 1 2 1  5 1 8 7  
8  260 2 2 0  3 9 2  2 2 4  1 2 5 9 5  1 0 6 2 9  
9  2 3 6  186 311 147 1 1 7 7 3  7 8 8 7  
1 0  2 2 8  2 2 5  3 4 5  241 9170 10482 
1 1  219 193 241 195 7 4 9 9  6 1 4 4  
1 2  2 3 5  1 6 2  3 6 7  116 8 3 7 9  4 8 4 9  
